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Preface 


These  are  the  proceedings  of  the  International 
Workshop  on  Interfacially  Controlled  Functional 
Materials,  with  concentration  on  the  electrical  and 
chemical  properties  of  ionic  materials.  Emphasis  was 
placed  on  systematically  structured  (both  natural  and 
artificial)  ceramic  materials  in  which  properties  are 
largely  influenced  or  even  completely  controlled  by 
interfaces  (grain  boundaries,  surfaces  and  hetero¬ 
structures).  This  workshop  carries  on  the  tradition  of 
the  meeting  held  four  years  ago  in  Ringberg  on 
Interfaces  in  Ionic  Materials  (organized  by  J.  Maier, 
M.  Riihle)  in  which  the  changes  of  properties  at 
interfaces  were  discussed  in  relation  to  the  respective 
bulk  phase.  This  conference  is  dedicated  to  the 
utilization  of  such  effects  to  design  materials  and 
materials  systems  with  respect  to  their  overall  prop¬ 
erties  (electrical  and  chemical).  Important  applica¬ 
tions  include  sensors,  fuel  cells,  catalysis,  photoelec¬ 
trochemistry  and  semiconducting  devices. 

In  this  context,  the  effects  on  the  nano-scale  are  of 
special  relevance.  Here  one  deals  with  the  transition 
regime  between  molecules  and  the  solid  state  which 
includes  the  range  in  which  many  mesoscopic  effects 
occur.  On  this  scale,  chemistry,  biology  and  physics 
intermingle  in  an  exciting  way.  Physicists  typically 
devote  themselves  to  the  preparation  and  measure¬ 
ment  of  synthetic  nano-structures,  chemists  to  the 
supramolecular  state,  and  biologists  traditionally  to 
the  structuring  on  the  nano-scale,  as  related  to 
biological  functions.  There  are  important  aspects  of 
this  field  not  covered  by  these  disciplines  but  are 
critical  to  the  field  of  functional  ceramics  and  solid 
state  electrochemistry.  For  example,  contrary  to 
biological  and  semiconducting  systems,  questions 
relating  to  morphological  stability  are  particularly 
critical  for  ceramic  systems  commonly  utilized  at 
elevated  temperatures. 

This  highly  stimulating  workshop  surely  contribu¬ 
ted  to  the  elucidation  of  this  exciting  field.  The 
present  proceedings  are  to  confirm  this.  Some  speak¬ 
ers  felt  that  their  contributions  were  already 


adequately  described  elsewhere  and  are  thus  not 
represented  in  this  proceedings.  The  following  refer¬ 
ences  [1-6]  deal  with  these  topics. 
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Abstract 

Under  certain  experimental  conditions  a  periodic  structure  can  be  induced  in  the  mass  spectra  of  clusters  of  metal  atoms. 
For  example,  if  the  clusters  are  heated  with  a  laser  beam,  those  with  high  stability  resist  evaporation.  The  resulting  mass 
spectra  reveal  that  clusters  with  closed  electronic  shells  and  clusters  with  perfect  icosahedral  symmetry  are  unusually  stable. 
©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Metal  clusters;  Mass  spectrometry 


1.  Introduction 

The  properties  of  bulk  metal  are  so  different  from 
those  of  a  metal  atom  that  it  is  sometimes  hard  to 
imagine  how  they  might  be  related.  However,  a 
connection  can  be  established  by  studying  a  succes¬ 
sion  of  clusters  containing  2,  3,  4,  5  . , .  atoms.  If  the 
properties  of  the  solid  were  found  to  evolve  gradual¬ 
ly  and  continuously  with  increasing  cluster  size,  this 
type  of  investigation  would  not  really  be  of  much 
interest.  But  nature  has  presented  us  with  a  different 
situation.  The  properties  of  clusters  change  not 
continuously,  but  often  periodically  with  cluster  size. 
This  is  due  to  the  formation  of  shells  ~  shells  of 
electrons  and  shells  of  atoms. 


*Tel.:  +49-711-689-1346;  fax:  +49-711-689-1010. 

E-mail  address:  martin@vaxff3.mpi-stuttgart.mpg.de  (T.P. 
Martin) 


2.  Shells  of  electrons 

If  it  can  be  assumed  that  the  electrons  in  metal 
clusters  move  in  a  spherically  symmetric  potential, 
[1-~16]  one  must  solve  only  a  radial  Schrodinger 
equation, 

r  -  +  1(1+1)  1 

LIP"  ^  ~7~  ^ 

=  E„,Pn,(r)  (1) 

where  I  is  the  angular  momentum  quantum  number 
and  V{r)  is  the  radial  dependence  of  the  potential  in 
which  the  nucleons  move.  A  further  simplification 
can  be  made  by  assuming  that  V(r)  is  a  simple 
potential  well.  Some  confusion  can  arise  as  we  will 
use  a  slightly  different  definition  for  the  principal 
quantum  number  n. 

Throughout  this  paper  we  will  use  the  principal 
quantum  number  from  nuclear  physics,  i.e.  n  denotes 
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the  number  of  extrema  in  the  radial  wavefunction. 
Subshells  for  large  values  of  angular  momentum  can 
contain  hundreds  of  electrons  having  the  same 
energy.  The  highest  possible  degeneracy  assuming 
cubic  symmetry  is  only  6.  So  under  spherical  sym¬ 
metry  the  multitude  of  electronic  states  condenses 
down  into  a  few  degenerate  subshells.  Each  subshell 
is  characterized  by  a  pair  of  quantum  numbers  n  and 
/,  Fig.  1,  Under  certain  circumstances  the  subshells 
themselves  condense  into  a  smaller  number  of  highly 
degenerate  shells.  The  reason  for  the  formation  of 
shells  out  of  subshells  requires  more  explanation. 

The  concept  of  shells  can  be  associated  with  a 
characteristic  length.  Every  time  the  radius  of  a 
growing  cluster  increases  by  one  unit  of  this  charac¬ 
teristic  length,  a  new  shell  is  said  to  be  added.  The 
characteristic  length  for  shells  of  atoms  is  approxi¬ 
mately  equal  to  the  interatomic  distance.  The  charac¬ 
teristic  length  for  shells  of  electrons  is  related  to  the 
wavelength  of  an  electron  in  the  highest  occupied 
energy  level  (Fermi  energy).  For  the  alkali  metals 
these  lengths  differ  by  a  factor  of  about  2.  This 
concept  is  useful  only  because  the  characteristic 
lengths  are,  to  a  first  approximation,  independent  of 
cluster  size. 


3.  Observation  of  electronic  shell  structure 

Knight  et  al.  [1]  first  reported  electronic  shell 
structure  in  sodium  clusters  in  1984.  Electronic  shell 
structure  can  be  demonstrated  experimentally  in 
several  ways:  as  an  abrupt  decrease  in  the  ionization 
energy  with  increasing  cluster  size,  as  an  abrupt 
increase  or  an  abrupt  decrease  in  the  intensity  of 
peaks  in  mass  spectra.  The  first  type  of  experiment 
can  be  easily  understood.  Electrons  in  newly  opened 
shells  are  less  tightly  bound,  i.e.  have  lower  ioniza¬ 
tion  energies.  However,  considerable  experimental 
effort  is  required  to  measure  the  ionization  energy  of 
even  a  single  cluster.  A  complete  photoionization 
spectrum  must  be  obtained  and  very  often  an  appro¬ 
priate  source  of  tunable  light  is  simply  not  available. 
It  is  much  easier  to  observe  shell  closings  in 
photoionization,  TOF  mass  spectra.  However,  de¬ 
pending  upon  the  intensity  and  wavelength  of  the 
ionizing  laser  pulse,  the  new  shell  is  announced  by 
either  an  increase  or  a  decrease  in  mass  peak  height. 

For  high  laser  intensities,  multiple-photon  pro¬ 
cesses  cause  the  mass  spectra  to  be  less  wavelength 
sensitive  and  also  cause  considerable  fragmentation 
of  large  clusters.  The  resulting  mass  spectrum  re- 


Fig.  1.  The  degeneracy  of  states  of  the  infinitely  deep  spherical  well  on  a  momentum  scale.  The  total  number  of  fermions  needed  to  fill  all 
states  up  to  and  including  a  given  subshcll  is  indicated  above  each  bar. 
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Fig.  2.  Mass  spectrum  of  (Na),|  clusters  ionized  with  high  intensity,  2.53  eV  light.  The  clusters  are  fragmented  by  the  ionizing  laser. 
Fragments  having  closed  shell  electronic  configurations  are  particularly  stable. 


fleets  the  stability  of  cluster  ion  fragments.  Clusters 
with  newly  opened  shells  are  less  stable  and  are 
weakly  represented  in  the  mass  spectra.  Notice  in 
Fig.  2  that  as  each  new  shell  is  opened  there  is  a 
sharp  step  downward  in  the  mass  spectrum.  Re¬ 
member  that  cluster  ions  containing  9,  21,  41, 
59, . . .  sodium  atoms  contain  the  magic  number  (8, 
20,  40,  58, ... )  of  electrons. 

4.  Shells  of  atoms 

One  might  think  that  the  definition  of  a  shell  of 
atoms  is  straightforward  -  one  layer  of  atoms 
arranged  on  the  surface  of  a  core  such  that  the  newly 
formed,  larger  unit  has  the  same  (overall)  outer 
symmetry  as  the  core  itself.  However,  as  one  begins 
to  construct  examples,  it  becomes  quickly  clear  that 
this  definition  might  lead  to  confusion.  For  example, 
consider  a  cluster  composed  of  atoms  placed  at  the 
sites  of  a  simple  cubic  lattice  and  having  the  overall 
outer  shape  of  a  cube.  The  first  such  cube  that  can  be 
formed  around  a  central  atom  contains  27  atoms, 
three  atoms  on  a  side;  the  next,  125  atoms,  i.e.  5 
atoms  on  a  side,  etc.  But  what  happened  to  the  64 
atom  cube  with  4  atoms  on  a  side?  It  has  no  central 


atom.  That  is,  this  simple  example  might  be  consid¬ 
ered  to  describe  two  distinct  shell  sequences,  one  set 
of  shells  possessing  a  central  atom;  the  other  set  has 
a  central  8-atom  cube.  One  way  of  getting  around 
this  difficulty  is  to  combine  the  two  sets  into  a  single 
set.  Each  successive  member  of  this  combined  set  is 
obtained  by  adding  atoms  to  only  three  of  the  six 
faces  of  the  preceding  member.  We  will  see  that  it  is 
useful  to  designate  a  set  of  such  shells  as  irregular 
shells  in  order  to  distinguish  them  from,  for  example, 
the  regular  shells  of  an  icosahedron  where  atoms 
must  be  added  to  all  faces  in  order  to  complete  the 
next  shell. 


5.  Shells  obtained  from  close-packed  spheres 

A  limited  number  of  synrunetric  clusters  can  be 
constructed  from  the  close-packing  of  hard  spheres; 
e.g.  tetrahedra,  octahedra,  and  their  truncated  forms. 
The  truncated  forms  can  have  triangular,  square  or 
hexagonal  faces.  For  example,  the  cuboctahedron,  an 
octahedron  truncated  by  a  cube,  Fig.  3,  has  6  square 
faces  and  8  triangular  faces.  Although  this  figure  is 
constructed  from  close-packed  layers,  the  cut  form- 
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Fig.  3.  A  closed-shell  147  atom  cuboctahedron.  Notice  that  the 
atoms  in  the  square  faces  are  not  close-packed. 


ing  a  square  face  reveals  a  surface  which  is  not 
close-packed.  Such  a  surface  is  relatively  unfavor¬ 
able  energetically  and  is  a  good  candidate  to  accept 
the  first  atoms  of  a  new  shell. 


Fig.  4.  A  smaller  geometric  figure  found  in  a  bcc  lattice  is 
outlined  with  heavy  lines.  This  figure  can  be  found  in  shells  of 
increasing  size. 


6.  Shell  structures  related  to  the  bcc  lattice 

In  a  previous  section  we  used  the  example  of  a 
cube-shaped  cluster  cut  out  of  a  simple  cubic  lattice. 
This  was  convenient  to  illustrate  the  concept  of 
irregular  shells,  but  is  unrealistic  in  that  elemental 
matter  does  not  usually  condense  into  a  simple  cubic 
structure.  However,  if  such  a  cube  is  squeezed  along 
a  body  diagonal,  the  cube  deforms  into  a  rhom- 
bohedron  which  can  be  cut  out  of  a  bcc  lattice.  Fig. 
4.  The  bcc  rhombohedron  represents  a  set  of  irregu¬ 
lar  shells  containing,  of  course,  the  same  number  of 
atoms  as  simple  cubic  shells.  The  bcc  lattice  contains 
also  a  set  of  regular  shells.  The  first  member  in  this 
set  is  shown  in  Fig.  4.  The  atoms  of  such  clusters  are 
contained  within  12  rhombic  faces. 


7.  Shell  structures  with  five-fold  symmetry 

Until  now  we  have  discussed  shell  structure  in 
clusters  of  close-packed  atoms  or  of  atoms  on  crystal 
lattice  sites.  Clusters  in  the  form  of  icosahedra  or 
decahedra  are  neither  close-packed  nor  are  they 
small  pieces  cut  out  of  a  crystal.  A  five-fold  symme¬ 
try  axis  is  not  consistent  with  the  crystalline  require¬ 
ment  of  translational  symmetry.  Icosahedra  form  a 
set  of  regular  shells  around  a  central  atom.  Fig.  5. 


Fig.  5.  A  closed-shell  55  atom  icosahedron  and  a  portion  of  the 
next  shell. 
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Fig.  6.  Decahedra  form  a  set  of  irregular  shells.  Successively  larger  shells  are  formed  by  adding  an  umbrella-shaped  partial  layer. 


Nature  has  played  a  strange  trick  on  us  here.  The 
number  of  atoms  needed  to  complete  icosahedral 
shells  is  exactly  that  needed  to  complete  cuboc- 
tahedral  shells.  For  this  reason,  the  experimental 
observation  of  magic  numbers  corresponding  to  shell 
closings  is  not  sufficient  to  allow  us  to  distinguish 
between  non-crystalline  icosahedra  and  fee  cuboc- 
tahedra. 

Decahedra  represent  a  set  of  irregular  shells.  The 
shells  possess  alternately  a  central  atom  and  a  central 
7-atom  decahedron  and  are  formed  by  placing  a  large 
overlapping  ‘umbrella’  on  top  of  the  previous 
member  of  the  set,  Fig.  6. 

8.  Observation  of  shells  and  subshells  of  atoms 

Both  calculations  and  experiments  [17-25]  indi¬ 
cate  that  inert  gas  clusters  containing  from  13  to  923 
atoms  have  icosahedral  symmetry.  These  might  be 
referred  to  as  precrystalline  structures  since  the  inert 
gases  are  known  to  condense  into  fee  crystals. 
Precrystalline  structures  have  also  been  observed  for 
metallic  materials  in  condensed  units  large  enough  to 
yield  sharp  electron  diffraction  patterns  [26-28]. 
These  quasicrystals  present  a  fascinating  challenge  to 
scientists  to  develop  methods  for  describing  a  regular 
but  nonperiodic  state  of  bulk  matter.  Smaller 


icosahedral  metal  particles  have  been  observed  di¬ 
rectly  using  the  technique  of  high-resolution  electron 
microscopy  [29]. 

Additional  evidence  exists  for  icosahedral  symme¬ 
try  in  metal  clusters.  Calculations  predict  that  very 
small  alkaline  earth  clusters  prefer  noncrystalline 
structures  [30-34].  The  pattern  of  NH3  and  H2O 
binding  energies  with  Co  and  Ni  clusters  has  been 
interpreted  as  indicating  icosahedral  symmetry  in 
metal  clusters  containing  from  50  to  150  atoms 
[35,36].  Mass  spectra  of  Ba  and  Ba-0  clusters  seem 
to  indicate  an  icosahedral  growth  sequence  in  the 
size  range  from  13  to  35  atoms  [37-39]. 

Recently  we  observed  a  slow  modulation  in  mass 
spectra  of  Na  clusters.  Fig.  7,  which  we  interpreted 
as  evidence  for  the  existence  of  shell  structures,  i.e.  a 
highly  symmetric,  onion-like  cluster  structure  [14]. 
The  modulation  appeared  only  if  the  energy  of  the 
ionizing  photons  was  chosen  to  coincide  with  the 
ionization  potential  of  the  clusters  and  was  found  to 
be  almost  periodic  when  plotted  on  a  cube  root  of 
mass  scale.  The  cusp-like  minima  of  the  mass 
spectra  pointed  to  characteristic  masses  or  numbers 
of  atoms.  Within  the  accuracy  of  reading  the  minima, 
these  magic  numbers  correspond  to  the  number  of 
atoms  in  complete  Mackay  icosahedra  [40].  How¬ 
ever,  on  the  basis  of  such  observations,  it  is  not 
possible  to  conclude  that  the  clusters  have  icosahedr- 
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Fig.  7.  Averaged  mass  spectra  of  (Na)„  clusters  photoionized  with 
2.99  and  2.93  eV  light.  Well-defined  minima  occur  at  values  of  n 
corresponding  to  the  total  number  of  atoms  in  close-packed 
cuboctahedra  and  nearly  close-packed  icosahedra  (listed  at  top). 


al  symmetry  because  icosahedral  shells  and  fee 
cuboctahedral  shells  contain  exactly  the  same  num¬ 
ber  of  atoms. 

Fig.  8  shows  a  mass  spectrum  of  pure  Mg  clusters 
containing  up  to  3000  atoms  [41],  The  choice  of 
ionizing  photon  energy  and  laser  intensity  is  im¬ 
portant.  We  have  used  50  mJ/cm^  of  308  nm 
radiation  per  10  ns  pulse.  With  such  high  intensities 
massive  fragmentation  of  the  clusters  is  to  be 
expected.  For  this  reason  we  believe  that  strong 
peaks  in  the  mass  spectrum  indicate  cluster  ion 
fragments  with  high  stability.  Even  though  we  are 
using  a  high  laser  intensity,  the  signal  is  weak,  about 
one  cluster  per  laser  shot.  Over  200  000  shots  at  50 
Hz  were  required  to  obtain  this  spectrum.  Because  of 
the  low  signal,  some  averaging  is  necessary  to  bring 
out  the  spectral  features.  First,  an  average  is  made 
over  500  time  channels.  This,  plus  the  fact  that 
magnesium  has  three  natural  isotopes  (79%  ^^Mg, 
10%  ^‘^Mg,  11%  ^^’Mg),  limits  the  mass  resolution. 
In  a  next  step  the  spectrum  is  averaged  over  5000 
time  channels.  The  resulting  curve  contains  no 
structure  but  is  merely  an  envelope  of  the  original 
data.  Finally,  we  form  the  ratio  of  the  slightly 
averaged  spectrum  to  the  strongly  averaged  (en¬ 
velope)  spectrum.  The  resulting  ratio  spectra  are 
shown  in  Figs.  8  and  9. 


Fig.  8.  Ratio  spectrum  (slightly  smoothed  mass  spectrum  divided  by  highly  smoothed  envelope  spectrum)  for  Mg  clusters.  The  filled  mass 
peaks  correspond  to  completely  filled  icosahedral  shells. 
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Fig.  9.  Ratio  mass  spectrum  of  (Mg)„  clusters.  The  filled  mass  peaks,  corresponding  to  completely  filled  icosahedral  shells,  are  nearly 
equally  spaced  on  this  Vn  scale.  The  four  mass  peaks  observed  between  shell  closings  indicate  highly  stable  partial  shells. 


The  strongest  mass  peaks  correspond  to  the  num¬ 
ber  of  atoms  in  closed  shells  having  either  icosahedr¬ 
al  or  cuboctahedral  symmetry.  The  Mackay 
icosahedra  can  be  constructed  from  nearly  close- 
packed  spheres.  These  structures  might  be  called 
noncrystalline  since  they  possess  a  point  group 
which  is  not  consistent  with  translational  symmetry. 
Cuboctahedra  on  the  other  hand,  can  be  constructed 
from  close-packed  spheres.  In  fact,  cuboctahedra 
containing  an  arbitrary  number  of  shells  can  be  cut 
out  of  a  fee  crystal.  The  main  sequence  of  strong 
mass  peaks  does  not  allow  us  to  distinguish  between 
these  two  structures.  We  have  to  look  elsewhere  for 
decisive  experimental  data.  We  believe  these  data  are 
contained  in  the  weaker  mass  peaks  between  shell 
closings. 

Fig.  9  shows  a  portion  of  the  previous  mass 
spectrum  but  now  plotted  against  n^'^.  Notice  that 
the  four  main  peaks  are  equally  spaced.  This  is  a 
characteristic  common  to  all  types  of  shell  structure. 
The  reason  for  this  can  be  seen  in  the  following  way. 
Every  time  the  radius  (proportional,  of  course,  to 
of  a  growing  cluster  increases  by  one  unit  of  a 
characteristic  length,  a  new  shell  is  said  to  be  added. 

Notice  in  Fig.  9  that  the  spectral  features  between 
complete  shells  repeat  exactly  within  the  statistical 
accuracy  of  the  experiment.  In  particular,  we  will 


focus  our  attention  on  the  repetitive  peak  structure 
labeled  1,  2,  3  and  4,  and  suggest  below  that  this 
structure  corresponds  to  partial  icosahedral  shells. 

The  clusters  most  probably  grow  by  adding  shells 
of  atoms  to  a  rigid  core.  The  number  of  atoms 
contained  in  a  growth  shell  is  dependent  on  the 
preferred  coordination  and  local  symmetry  of  the 
atoms  and  on  the  overall  symmetry  of  the  shell.  If 
we  assume  that  the  magnesium  atoms  are  close- 
packed,  or  nearly  so,  and  that  the  outer  form  is  that 
of  an  cuboctahedron  or  an  icosahedron,  then  the  total 
number  of  atoms  in  a  cluster  containing  K  shells 
of  atoms  is  [41]. 

iVt  =  (10^^  +  15A:^+ 11  A:  +  3)/3.  (2) 

Clusters  constructed  of  complete  shells  can  be 
expected  to  be  highly  stable.  For  inert  gas  clusters 
both  experiments  and  calculations  indicate  that  par¬ 
tial  icosahedral  shells  of  atoms  also  show  enhanced 
stability  [19-23].  For  example,  one  might  expect  that 
completely  covered  facets  of  a  cluster  surface  repre¬ 
sent  intermediate  structures  of  high  stability.  Since 
the  facet  structure  of  the  icosahedron  (20  triangular 
faces)  and  the  cuboctahedron  (8  triangular  and  6 
square  faces)  are  quite  different,  a  determination  of 
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partial  shell  sizes  should  make  it  possible  to  dis¬ 
tinguish  between  the  two  structures. 

The  square  faces  of  the  cuboctahedron  would  be 
likely  candidates  to  accept  the  first  atoms  of  a  newly 
deposited  layer  because  the  atoms  in  these  faces  are 


not  close-packed.  However,  no  arrangement  of  atoms 
on  these  faces  alone  or  in  combination  with  other 
cuboctahedral  faces  could  be  found  which  matched 
the  observed  subshell  magic  numbers.  Next,  we 
turned  to  the  icosahedron  for  which  subshell  struc- 


Fig.  10.  The  dots  represent  the  atoms  of  the  7th  shell  of  an  icosahedron  projected  onto  a  plane.  The  bottom  76  atoms  are  not  shown.  The 
umbrella-shaped  structures  are  identical,  each  containing  76  atoms.  We  suggest  that  the  umbrellas  represent  highly  stable  partial  shells  of 
magnesium  atoms. 
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ture  had  already  been  studied  [19-23].  The  first 
atoms  to  form  a  new  shell  on  an  inert  gas  icosahed¬ 
ron  apparently  do  not  immediately  take  their  final 
positions.  This  would  force  atoms  on  the  border 
between  two  triangular  faces  to  have  contact  with 
only  two  substrate  atoms.  Instead,  the  triangular 
faces  are  first  filled  with  a  close-packed  layer.  Only 
after  the  shell  is  more  complete  do  the  atoms 
rearrange  into  their  final  icosahedral  positions.  This 
shell  filling  sequence,  observed  in  inert  gas  clusters, 
although  close,  seems  to  deviate  significantly  from 
the  observed  magic  numbers  for  Mg  clusters.  There¬ 


fore,  we  would  like  to  suggest  an  alternative  se¬ 
quence. 

Assume  that  the  atoms  in  the  new  shell  take 
immediately  their  final  positions.  In  Fig.  10  the 
positions  of  the  atoms  in  the  seventh  shell  have  been 
projected  onto  a  plane  in  the  manner  of  Northby 
[20,21].  We  suggest  that  umbrella-shaped  inter¬ 
mediate  groups  have  enhanced  stability.  Each  of  the 
umbrellas  contains  76  atoms  and  each  has  the  same 
shape  (although  they  appear  distorted  in  the  projec¬ 
tion  shown  in  Fig.  10).  Only  51  additional  atoms  are 
necessary  to  complete  the  second  umbrella  because  it 


Fig.  11.  Mass  spectrum  of  (Na)„  clusters  photionized  with  3.02  eV  photons.  Two  sequences  of  structures  are  observed  at  equally  spaced 
intervals  on  the  scale  -  an  electronic  shell  sequence  and  a  structural  shell  sequence. 
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shares  atoms  with  the  first.  The  third  and  fourth 
umbrellas  overlap  two  others.  Therefore,  they  require 
only  36  additional  atoms  for  completion. 

9.  Transition  from  shells  of  electrons  to  shells  of 
atoms 

Two  types  of  shell  structure  have  been  observed  in 
the  same  mass  spectrum  of  large  sodium  clusters, 
Fig.  11.  For  small  clusters  (n<1500)  the  pattern 
appears  to  be  due  to  the  filling  of  electronic  shells. 
For  large  clusters  the  shells  seem  to  be  composed  of 
atoms. 

Why  might  one  expect  a  transition  from  electronic 
shell  structure  to  shells  of  atoms?  For  very  small 
clusters  the  atoms  are  highly  mobile.  There  is  no 
difficulty  for  the  atoms  to  arrange  themselves  into  a 
sphere-like  conformation  if  this  is  demanded  by  the 
closing  of  an  electronic  shell.  At  a  size  corre¬ 
sponding  to  about  1500  atoms  under  our  experimen¬ 
tal  conditions,  the  clusters  become  rigid.  Thereafter, 
each  newly  added  atom  condenses  onto  the  surface 
and  remains  there.  Further  growth  takes  place  by  the 
accumulation  of  shells  of  atoms. 
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Abstract 

The  introductory  part  revievi^s  some  basic  aspects  of  bulk  point-defect  thermodynamics.  It  makes  use  of  the  fact  that  for 
the  purposes  under  consideration,  the  real  structure  can  be  decomposed  in  a  perfect  ground  structure  and  a  superimposed 
defect  structure.  Then  modifications  of  the  point-defect  concentration  and  distribution  are  considered  occurring  if  interfaces 
are  approached.  A  simple  treatment  is  possible  for  the  abrupt  core-space  charge  situation  in  which  the  standard  chemical 
potentials  are  assumed  to  change  in  a  step-like  way.  Evidence  is  given  that  in  very  many  cases  this  is  a  reasonable  model. 
There,  the  adjustment  at  interfaces  occurs  solely  via  space  charge  regions.  ‘Trivial’  size  effects  are  brought  about  by  the 
changed  surface  (i.e.  core  plus  space  charge  layer)  to  volume  ratio.  A  mesoscale  size  effect  is  expected  if  the  width  of  the 
space  charge  layers  is  no  longer  small  compared  with  the  distance  of  neighbouring  interfaces  (Debye-length  A  as  scaling 
parameter).  In  some  situations,  e.g.  if  extremely  small  clusters  are  treated,  distinct  deviations  in  the  ground  structure  also 
occur,  affecting  energetic  and  entropic  standard  terms.  Since  such  modifications  usually  decay  steeply  with  increasing 
interfacial  distance  (L),  another  scaling  parameter  (€)  defines  a  further  mesoscopic  regime.  As  examples,  micro-  and 
nano-sized  particles,  films,  polycrystals  and  composites  are  discussed.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Point  defects;  Thermodynamics;  Size  effects;  Interfaces;  Space  charges;  Nanocrystallinity 


1.  Introduction 

Point  defects  in  solids  are,  on  the  one  hand, 
analogous  to  the  H30^  and  OH”  ions  which  play  a 
central  role  in  aqueous  electrochemistry,  and  to 
excess  electrons  and  electron  holes,  the  decisive 
carriers  in  semiconductor  physics,  on  the  other.  In 
both  fields  it  is  a  matter  of  fact  that  boundary  effects 
have  a  significant  influence  on  the  charge  carrier 
concentrations  and  distributions. 


*Tel.:  +49-711-689-1720;  fax:  +49-711-689-1722. 

E-mail  address:  weiglein@chemix.mpi-stuttgart.mpg.de  (J. 
Maier) 


In  both  fields,  the  importance  of  the  nanoscale  is 
also  evident  as  exemplified  by  colloid  chemistry, 
bio-electrochemistry  [1-3]  or  by  the  emerging  field 
of  nano-electronics  [4].  Beyond  that,  the  nanoscale  is 
the  scale  on  which  macroscopic  and  microscopic 
concepts  meet,  e.g.  the  transition  between  cluster 
chemistry  and  physics  [5-7],  and  solid  state  science. 

In  this  contribution,  static  interfacial  effects  are 
discussed  for  the  field  of  Solid  State  Ionics  in 
particular  with  respect  to  expected  and  observed 
nanosize  phenomena  (cf.  also  Refs.  [8-10]). 

The  structure  of  the  paper  is  as  follows:  After  a 
brief  overview  on  bulk  defect  thermodynamics  (Sec¬ 
tion  2),  the  defect  chemistry  at  interfaces  embedded 
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in  the  infinite  bulk  is  considered  (Section  3).  In 
Section  4  interfaces  are  successively  brought  closer 
to  each  other  and  the  resulting  size  effects  are 
studied. 


2.  Point-defect  thermodynamics  in  the  infinite 
bulk 

In  the  classical  treatment  of  defective  materials, 
the  real  structure  is  decomposed  into  a  perfect 
(ground)  structure  and  a  (chemically  excited)  defect 
structure: 

Real  structure  =  perfect  structure  +  defect  structure 

(1) 

the  first  one  being  invariant  while  the  latter  responds 
to  changes  in  the  state  and  control  parameters,  in 
particular  temperature  (7),  doping  content  (C)  and 
component  potential  (e.g,  expressed  by  the  oxygen 
partial  pressure  P  in  a  binary  oxide).  In  the  infinite 
bulk,  electroneutrality  is  usually  an  excellent  as¬ 
sumption  [11-13].  Global  and  local  equilibrium  at 
constant  T  and  total  pressure  demands  the  minimisa¬ 
tion  of  the  Gibbs  energy  in  terms  of  the  particle 
numbers.  If  the  defects  are  dilute,  Boltzmann  statis¬ 
tics  can  be  applied  and  ideal  mass  action  laws 
follow.  If  the  electroneutrality  condition  can  be 
condensed  to  a  proportionality  of  two  majority 
carrier  concentrations,  the  power  law  form  [14-16] 

Cj  =  (2) 

results,  with  the  characteristic  exponents  Mj,  y^j 
(simple  rational  numbers).  The  A',.s  are  the  mass 
action  constants  of  the  defect  reactions  under  regard. 
Representations  of  log  Cj  vs.  log  P  (Kroger-Vink 
plots),  log  Cj  vs.  log  C  as  well  as  log  c  vs.  1  IT 
(Arrhenius  or  better  van’t  Hoff  plots)  yield  straight 
lines  with  Nj,  Mj  and  2,.  (A, 7/°:  standard 

enthalpy  of  reaction  r)  as  slopes.  A  sensitive  measure 
for  Cj  is  the  conductivity  cTj  which  also  involves  the 
T-dependent  mobility. 

Fig.  1  shows  the  defect  chemistry  of  the  Frenkel 
disordered  material  AgCl.  Since  ionic  carriers  are  in 
majority,  the  electroneutrality  equation  is  [Agj]  — 
[V^g].  The  important  disorder  reactions  are  the 
Frenkel  reaction  (r=F) 


composition 


O) 


ig  [  cd^g  ] 


Fig.  1.  Defect  chemistry  in  the  bulk  of  AgCl. 

AgA,  +  v,^Ag:  +  v;^  (3) 

as  well  as  the  interaction  with  the  component 
potential  according  to  (r=Cl) 

I  Cl,(g)  +  Agj^AgCl  +  y  +  h-  (4) 

or  in  terms  of  Ag  (g)  (r=Ag) 

Ag(g)  +  h'  +  v;:^Ag;. 


(5) 
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Note  that  silver  and  Cl^-partial  pressures  are  related 
to  the  formation  enthalpy  according  to 

^Ag  •  -Pcij  =  const,  exp  -  (6) 

The  inter-correlation  of  [A  ]  with  [e']  is  provided  by 
the  band  gap  transfer  (r=B) 

Nil^e'+h\  (7) 

The  interaction  with  the  component  potential  is  only 
relevant  on  the  level  of  the  electrons  as  minority 
carriers,  while  the  majority  carrier  concentrations 

(ions)  are  approximately  independent  of  and 

Hence,  [Ag^]  =  [V^g]  =  shown  at  the 

top  of  Fig.  1,  while  [e'](aP'“^)  and 
sensitively  depend  on  the  position  in  the  phase 
diagram.  In  the  van’t  Hoff  diagram  (bottom  of  Fig. 
1),  a  straight  line  (1)  results  with  the  slope  of 
Ap/7°/2. 

Irreversibly  introduced  aliovalent  impurity  traces 
(e.g.  Cd^^  on  Ag'^-site,  i.e.  Cd^g)  appear  in  the 
electroneutrality  equation  only.  If  [Cd^g]  has  been 
increased  to  values  in  the  order  of  or  greater  than 

(see  centre  Fig.  1),  [V^g]  increases 
(->[Cd;^g]====[VAg])  as  [e'l  does,  while 
[Agj](->A^p/[V^g])  and  [h‘]  decrease  (see  centre  of 
Fig.  1  and  curve  2  in  the  bottom  picture).  At  lower 
temperatures  short  range  interactions  become  im¬ 
portant.  This  short  range  interaction  can,  to  a  good 
extent,  be  taken  into  account  by  an  association 
reaction  (see  curve  3  in  the  bottom  picture,  low  T) 
[17,18]. 

(8) 

We  now  have  three  ionic  species  (free  Cd^"^,  free 
Ag^ -vacancy  and  associate)  for  which  again, 
Boltzmann  statistics  can  be  applied  with  reasonable 
approximation. 

Such  a  procedure  does  not  work  at  high  tempera¬ 
tures  (usually  below  the  melting  point)  at  which  so 
many  native  defects  have  been  generated  that  (i)  the 
restricted  number  of  sites  and  (ii)  the  long-range 
interactions  must  be  taken  account  of.  The  former 
can  be  done  by  using  Fermi-Dirac  type  of  statistics: 

+ /?T  In (9) 
the  latter  leads  to  the  introduction  of  interaction 


coefficients  due  to  Coulomb  interaction.  These 
long-range  Coulomb  interactions  lower  the  effective 
defect  formation  energy  such  that  defect  formation 
becomes  successively  more  favourable  leading  to  an 
over- Arrhenius  increase  of  the  ionic  conductivity  and 
eventually  even  to  a  phase  transition  (see  curve  4  in 
the  bottom  picture,  high  T).  The  classical  approach 
to  describe  long-range  interactions  is  the  Debye- 
Hiickel  theory  [19]  which  fails  at  significantly  high 
concentrations  (>0.1%).  In  Ref.  [20]  it  was  shown 
that,  in  such  cases,  a  quasi-Madelung  approach 

can  yield  a  reasonable  explanation  of  both  the 
conductivity  anomaly  as  well  as  the  phase  transition 
temperatures.  The  proportionality  factor  between  the 
excess  chemical  potential  and  the  cube  root  of  the 
concentration  is  in  line  with  a  simple  Madelung 
estimate  as  well  as  with  recent  MD-simulations  [21]. 


3.  Equilibrium  point-defect  distribution  at 
interfaces 

Now  we  investigate  the  modifications  due  to 
approaching  interfaces.  First  of  all  we  adopt  a 
simplified  picture  which  assumes  (ground)  structural 
invariance  up  to  the  core  of  the  interfaces  which 
itself  is  thought  to  be  of  a  different  but  invariant 
(ground)  structure.  In  other  words  we  assume  the 
chemical  ground  structure  to  behave  as  an  ideal  step 
function  and  allow  only  the  point-defect  concen¬ 
tration  to  vary  and  to  contribute  to  the  adjustment  of 
the  electrochemical  potentials. 

Real  structure  =  Perfect  bulk  structure 
+  perfect  core  structure 
+  inhomogeneous  defect  structure 

(10) 

In  particular,  carrier  mobilities  and  standard  chemi¬ 
cal  potentials  (and  thus  mass  action  constants)  be¬ 
have  in  a  step-function  way.  In  contrast  to  the  perfect 
structure,  the  defect  structure  —  and  thus  the  carrier 
concentrations  —  does  not  vary  in  a  step-function 
way  but  is  smeared  out  around  the  interface. 

We  follow  the  core-space-charge  model  described 
in  more  detail  in  Ref.  [22].  As  a  consequence  of  the 
abrupt  change  of  structure  and  standard  chemical 
potentials  and  as  a  consequence  of  the  requirement 
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that  the  electrochemical  potentials  of  all  mobile 
species  have  to  be  homogeneous,  changes  of  the 
chemical  potentials  occur  at  the  expense  of  electrical 
potential  changes,  in  other  words,  space  charge 
regions  with  modified  defect  concentrations  come 
into  play.  The  complete  treatment  demands  knowl¬ 
edge  of  defect  chemistry  of  both  bulk  and  core,  to 
establish  for  each  carrier  j  the  relationship: 

Cj=fj{x;P^TX;B)  (11) 

B  denotes  the  parameter  set  additionally  necessary  to 
define  the  interface.  Already  in  the  case  of  an  ideal 
grain  boundary,  B  is  at  least  a  five-fold  manifold' 
[24].  Owing  to  the  kinetic  constraints  and  the 
complexity  of  interfacial  structure  and  composition, 
the  core  ground  structure  and  composition  (B)  is 
more  pragmatically  handled  as  a  irreversibly  intro¬ 
duced  boundary  condition  and  thus  as  a  further 
controlling  parameter  similar  to  C  in  Eq.  (2). 

If  two  majority  defects  1,  2  of  equal  absolute 
charge  follow  the  space  charge  field  we  can  write 

/  1  +  exp  “  x/A\  2 
_  ^.exp-xl\ )  ■ 

'd,  the  degree  of  influence  contains  the  boundary  core 
chemistry,  while  and  A(c^)  contain  the  bulk 
chemistry.  The  conductance  enhancement  parallel  to 
the  interface  follows  as 

Ay"  =  2^  (2A)F«.  (ic.^.  (13) 

(w:  mobility,  #,  =  —  '^2).  For  details  see  Ref.  [25]. 
Besides  grain  boundaries,  phase  boundaries  are  of 
importance  such  as  interfaces  of  a  mixed  conductor 
with  an  inert  solid  material,  with  a  second  mixed 
conductor  (which  includes  grain  boundaries)  or  with 
a  gas  phase.  In  Ref.  [26]  an  extensive  discussion  of 
related  conductivity  effects  is  given.  To  mention  a 
few  examples,  grain  boundaries  may  exhibit  conduc¬ 
tive  pathways  along  the  enhancement  layer  while 
they  may  simultaneously  block  the  transport  by  a 


'Five  is  the  number  of  macroscopic  degrees  of  freedom  determin¬ 
ing  the  configuration  of  grain  boundaries  obtained  by  bringing 
together  two  single  crystalline  pieces.  The  additional  microscopic 
degrees  of  freedom  can  usually  not  be  controlled  independently 
[23]. 


resistive  core;  surface  active  insulators  can  adsorb 
mobile  ions  and  lead  to  enhanced  vacancy  conduc¬ 
tion;  in  the  miscibility  gap  of  two  conductors, 
conductivity  anomalies  can  occur  through  a  carrier 
redistribution,  and  at  surfaces  adsorbed  gas  mole¬ 
cules  may  lead  to  ionic  space  charge  effects  (see  Fig. 
2:  CaF2/BF3).  Analogous  effects  are  known  for 
electronic  conductors.  In  mixed  conductors  usually 
the  interaction  of  the  majority  carriers  (e.g.  ions) 
defines  the  space  charge  potential  which  is  then 
perceived  by  the  minority  species  (e.g.  electrons 
[26]).  Beyond  that,  the  ratio  of  ionic  and  electronic 
conductivity  may  be  varied  [28-30].  In  some  cases, 
surface-interaction  free  energies  may  well  be  enough 
to  lead  to  interfacial  phase  transitions  [31,32].  They 
can,  e.g.  be  thought  to  be  formed  via  charge  carrier 
interaction  as  discussed  which  can  be  different  in  the 
boundary  regions,  e.g.  due  to  modified  carrier  con¬ 
centration  [26]. 

Fig.  3  shows  the  conductivity  enhancement  of 
heterogeneously  doped  AgCl.  The  effects  can  be 
quantitatively  described  by  an  ideal  space  charge 
model  [26]. 

The  conductivity  enhancement  in  heterogeneously 
doped  P-AgI  [33]  is  qualitatively  in  agreement  with 
the  simple  space  charge  theory  (tendencies,  slopes 
etc.)  but  the  absolute  values  are  too  high  by  orders  of 
magnitude  to  account  for  the  effect  quantitatively.  It 
has  been  shown  [34-36]  that  interfacial  phase  transi¬ 
tions  occur  which  are  not  unexpected  in  view  of  the 
polymorphism  of  the  Agl-structures  and  the  state¬ 
ments  given  in  the  previous  section.  A  more  detailed 
explanation  of  the  anomaly  is  given  in  Section  4. 

In  addition  to  the  excess  charge,  pure  core  disor¬ 
der  may  also  be  important  in  view  of  lowered  defect 
formation  energies  and  varied  mobilities  for  core 
defects.  For  more  details  on  this  see  Ref.  [37]. 
Recent  computer  simulations  [38,39]  show  that  in 
CeO^  oxygen  vacancies  and  excess  electrons  are 
more  stable  at  the  surface  than  in  the  bulk. 

The  step-function  behaviour  of  the  structure,  i.e. 
of  fji°,  is  of  course  an  assumption.  Structural  models 
show  that  bond  distances  may  vary  over  a  certain 
range  at  boundaries  in  a  more  or  less  smooth  way. 
From  structure  investigations  it  is  known  that  the 
H20-structure  of  ice  becomes  water-like  in  the 
vicinity  of  surfaces  [40],  while  the  first  layers  of 
liquid  water  in  contact  with  certain  electrodes  are 
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space  coordinate 


Fig.  2.  The  exposure  of  CaF,  to  the  Lewis-acid  BF3  leads  to  an  increase  of  the  fluoride  vacancy  concentration  (conductivity).  The  effect  is 
analogous  to  the  exposure  of  semiconducting  oxides  to  O2.  This  is  shown  by  the  potential  diagrams  in  the  central  column  (cf.  Refs.  [26,27]). 


J1 


Fig.  3.  The  effect  of  ‘heterogeneous  doping’  of  AgCl  and  AgBr 
can  be  quantitatively  interpreted  by  space  charge  effects  [25]. 


Fig.  4.  The  development  of  the  mesoscopic  space  charge  effect. 
L.h.s.:  concentration  profiles  =  R.h.s.:  thickness  depen¬ 

dence  of  the  parallel  excess  conductance. 
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ice-like  [41].  This  point  will  be  taken  up  again  in 
Section  4.3.  (Fig.  4). 

4.  Size  effects  on  point-defect  thermodynamics 

4.1.  Triviar  size  effects 

If  the  size  of  the  crystal  is  reduced  so  is  the 
distance  between  neighbouring  interfaces,  overall 
properties,  e.g.  the  overall  transport  properties  can 
significantly  change  just  due  to  the  increased  inter¬ 
face  to  volume  ratio,  i.e.  the  local  properties  being 
invariant.  Thus  transport  along  the  core  regions  may 


dominate  in  nanocrystalline  samples  although  it  may 
be  completely  insignificant  in  microcrystalline  sam¬ 
ples.  The  same  is  true  for  space  charge  transport. 
Nonetheless  these  ‘trivial’  effects  can  be  striking 
[37].  One  example  is  the  depression  of  the  melting 
point  of  nanosized  crystals.  This  example  is  taken  up 
again  in  Section  4.2.  But  let  us  now  consider  the 
situation  that  also  the  local  properties  are  size-depen- 
dent. 

4.2.  Mesoscopic  space  charge  effect 

Again,  we  first  adopt  the  abrupt  structural  model. 
Fig.  5  highlights  the  occurrence  of  a  mesoscopic 


Fig.  5.  Conductivity  (without  blocking  grain-to-grain  contacts)  for  nanocrystalline  (n-)  CaF,  compared  to  coarse-grained  (m-)  CaF^.  The 
deflection  of  the  data  points  at  high  T  (n-CaF,)  indicates  grain  coarsening.  Also  shown  are  the  conductivity  data  obtained  by  exposure  of 
m-CaF,  to  the  Lewis-acid  SbF,  (cf.  also  Fig.  2)  [45,46]. 
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effect  if  the  sample  thickness  is  no  longer  large 
compared  with  the  Debye-length  [42].  Then  the 
space  charge  regions  interfere,  the  sample  is  charged 
throughout,  and  in  terms  of  conductivity  an  addition¬ 
al  enhancement  may  occur  for  enrichment  layers 
expressed  by  the  nanosize  factor  (ns.f.)  [43,44]  [Cq  = 
c{x  =  0)]  (derived  for  a  film!) 


where  c*  is  the  concentration  in  the  center  of  the 
symmetrical  film  and  related  to  L  and  Cq  via: 

2x  ^  [  Kc*’  y) 


^  denoting  elliptical  integrals  of  the  first  kind, 
being  the  bulk  value.  Even  though  predicted  quan¬ 
titatively  more  than  a  decade  ago  [43,44]  clear 
experimental  evidence  for  this  is  still  lacking.  The 
thickness-dependent  conductance  of  thin  Lil-films  on 
sapphire  could  be  nicely  fitted  by  Eq.  (14)  [43,44], 
however  it  is  probable  that  lateral  inhomogeneities 
(island  formation)  obscure  the  picture.  This  is  sup¬ 
ported  by  a  large  apparent  Debye-length  obtained 
when  a  homogeneous  situation  is  assumed  [42,26]. 

Fig.  5  shows  the  high  conductivity  of  nanocrystal¬ 
line  CaF2  [45,46].  The  conductivity  can  be  explained 


by  semi-infinite  space  charges.  Owing  to  the  high 
impurity  content,  the  Debye-length  can  be  assessed 
to  be  lower  than  the  grain  size  of  ~10  nm.  In  Ref. 
[47]  the  changed  defect  chemistry  of  nanocrystalline 
Ce02  was  explained  by  core  effects.  Also  in  this 
case,  the  sample  thickness  was  still  large  compared 
to  the  Debye-length.  Yet,  a  mesoscopic  situation  is 
certainly  met  in  swollen  Nation  or  PEEK  ion  ex¬ 
change  membranes  Fig.  6.  There  an  organic  back¬ 
bone  [per-fluorinated  branched  hydrocarbon  network 
(Nafion)]  or  bundles  of  aromatic  polyether  ketones 
(PEEK)  are  separated  by  tiny  water  channels  [48]. 
These  organic  backbones  bear  sulfonic  acid  groups. 
While  the  proton  can  be  dissociated  away,  the  anion 
is  strongly  bonded  to  the  polymer.  Since  the  thick¬ 
ness  of  the  water  channels  is  of  the  order  of  1  nm 
and  much  lower  than  the  Debye-length  of  water, 
these  channels  form  mesoscopic  space  charge  layers 
in  which  only  very  small  gradients  of  the  proton 
concentration  exist.  A  systematic  examination  of  the 
proton  conductivity  as  the  function  of  the  separation 
thickness  is  necessary  [49]. 

A  further  example  is  the  already  discussed  con¬ 
ductivity  enhancement  in  AgI:Al203  nanocompo¬ 
sites.  As  already  outlined,  the  conductivities  point 
towards  space  charge  effects.  However,  a  semi-infi¬ 
nite  space  charge  model  predicts  too  low  an  effect. 
Finite  (mesoscopic)  effects  would  require  a  lower 
grain  size  than  estimated  from  the  geometrical 
parameters.  However,  a  recent  structural  analysis 


1  nm 


3  HjO  _  ,  S0{  Hi  polymer  backbone 


Fig.  6.  Mesoscopic  arrangement  of  acidified  water  channels  in  the  PEEK  polymers  [48]. 
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indicates  the  formation  of  a  stacking  fault  structure 
formed  at  the  interfaces  (Fig.  7)  [34].  This  stacking 
fault  sequence  can  also  be  conceived  as  a  hetero¬ 
structure  in  which  (3-  and  7-layers  alternate,  the  layer 
distance  being  of  atomistic  dimensions.  If  we  can 
suppose  an  interfacial  effect  at  the  p /7-boundary  for 
which  we  have  indications,  a  far-reaching  ionic 
disorder  is  to  be  expected  and  the  observed  con¬ 
ductivity  behaviour  can  be  at  least  half-quantitatively 
explained.  In  this  respect,  more  detailed  investiga¬ 
tions  on  such  super-lattices  are  required  as  is  the  case 
in  quantum  well  research. 

Beyond  electrical  properties,  such  questions  are 
important  for  stability  considerations,  as  well  as  for 
kinetic  (and  in  particular  catalytic)  properties.  We 


Fig.  7.  Stacking  fault  (7H  phase)  forming  at  the  AKO,/AgI 
boundary,  can  be  conceived  as  a  p/y/p/y  . . .  sequence  of  (sub-) 
nanometre  size  leading  to  a  pronounced  disorder  in  the  cation 
sublatticc. 


may  mention  (i)  the  fact,  important  for  Li-batteries, 
that  Li  insertion  into  nanocrystalline  hosts  may  not 
necessarily  imply  a  homogeneous  distribution  of  Li^ 
and  e~,  and  (ii)  the  fact  that  drift  effects  in  Taguchi 
gas  sensors  should  be  minimal,  if  L~A,  as  the 
separation  of  the  bulk  and  surface  conductivity 
effects  become  almost  irrelevant,  and  finally  (iii)  that 
pronounced  size  effects  are  expected  for  extent  [47] 
and  rate  [50]  of  stoichiometric  changes. 

43.  Mesoscopic  structural  ejfects 

Now  we  are  interested  in  potential  size-dependen¬ 
cies  of  i.e.  bending  of  (free)  energy  levels  (apart 
from  electrical  field  effects).  For  electronic  levels, 
this  can  occur  without  structural  effects  just  due  to 
the  extension  of  the  electron’s  wave-function.  The 
simple  electron-in-the-box  model  indicates  that  the 
energy  levels  and  hence  also  the  energy  differences 
depend  on  L  and  thus  approximately 

^  (16) 

A  clear  example  is  illustrated  by  the  colour  changes 
exhibited  by  colloids  as  a  function  of  size  [51].  This 
dependence  predicts  a  steep  decay  of  this  kind  of 
level  bending.  Nano-electronics  being  concerned 
with  nanoheterostructures,  quantum  wells,  wires  and 
dots  relies  on  such  confinement  phenomena  [4]. 
Similarly  we  expect  confinement  effects  for  protons 
but  only  under  conditions  where  tunnelling  is  of 
relevance.  In  usual  cases  and  in  particular  for  larger 
ions,  this  is  not  the  case.  An  extremely  interesting 
topic  is  the  exploration  of  nanosize  effects  in  mixed 
conductors.  In  the  case  of  typical  ion  conductors,  a 
L-dependence  of  implies  structural  changes.  Then 
we  must  face  the  more  complicated  situation  char¬ 
acterised  by 

Real  structure  =  Inhomogeneous  perfect  structure 

+  (inhomogeneous)  defect  structure 

(17) 

Experiments  with  NaCl  clusters  (Fig.  8)  [6,7]  show 
that  the  rock-salt  structure  is  obtained  already  for 
small  cluster  sizes  ( >  10  molecular  units).  Minor 
variations  in  the  bond  lengths  are  then  obviously  not 
leading  to  a  significant  energetic  effect:  If  we 
consider  the  energy  and  decompose  the  small  crys- 
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NagClJ  Na4ClJ 

-15.03eV  -14.52eV  -22.51  eV  -22.02eV 


NagClJ  NagClJ 


-30.29eV  -29.82eV  -37.39eV  -37.37eV 


Na^ClJ  NagCI^ 


-44.90eV  -44.73eV  -52.65eV  -50.47eV 


Na^sCi; 


98.88eV  105.14eV 


91.35eV 


Fig.  8.  Stable  (NaCl)„_,  Na^-cluster  according  to  Martin  [6,7]. 


tals  into  ‘bulk’  and  an  outer  shell  of  surface  particles 
(‘core’)  it  turns  out  that  the  energies  of  the  so- 
decomposed  ground  structures  are  quite  invariant. 
More  precisely,  if  surface  and  bulk  energies  are 
superimposed  as  a(L)N^^^  +  /3{L)N,  a  and  p  are 
quite  insensitive  with  thickness  as  the  plot  of 
vs.  shows  [52].  The  situation  seems  to  be 

similar  in  noble  metals:  The  melting  temperature 
changes  of  nanocrystalline  Au  particles  are  quite 
dramatic  [53].  If  the  size  of  Au  crystals  is  reduced  to 
20  A,  the  melting  point  drops  by  600  K.  Neverthe¬ 
less  the  effect  can  be  understood  by  using  only 
physical  constants  of  massive  gold  [53],  i.e.  by 
trivial  effects  as  denoted  in  Section  4.1.  Note  that  for 
cubic  clusters  of  1000  atoms  only  half  of  the  atoms 
are  not  sitting  in  surfaces.  At  smaller  clusters  also 
edge  effects  and  comer  effects  become  important. 
For  a  Wulff-crystal,  the  chemical  potential  correction 
(A/Xj^j^)  compared  to  very  large  crystals  is  deter¬ 
mined  by  W‘V^,  being  the  molar  volume  and  W 
the  ratio  of  surface  tension  and  distance  between 
surface  and  centre  which  is  the  same  for  each  plane. 
According  to  e.m.f.  measurements  [54],  nanocrystal¬ 
line  copper  shows  an  increase  in  the  chemical 
potential  which  can  be  understood  in  this  way. 

Even  though  these  findings  cannot  be  generalised, 
it  certainly  will  be,  in  many  cases,  a  good  approxi¬ 
mation  to  state  that  such  stmctural  L-dependencies  in 


fjb°  are  restricted  to  extremely  small  sizes  General¬ 
ly  speaking,  we  expect  a  mesoscopic  effect  in  the 
carrier  concentration  (i.e.  in  the  mass  action  con¬ 
stants  K)  and  in  the  conductivities  (i.e.  in  both  K  and 
m)  if  L  <  /. 

In  cases  in  which  the  Debye-length  is  significant, 
we  will  then  have  to  face  two  mesoscopic  regimes  as 
indicated  in  Fig.  9:  an  electrical  one  for  A  ^  L  »  / 
and  a  structural  one  for  If  €  is  not  small 

compared  to  A,  a  complicated  mixed  behaviour 
occurs. 


0  I  2X  L 

distance 


Fig.  9.  If,  at  thicknesses  smaller  than  /,  the  structure  changes, 
there  is  —  in  addition  to  space  charge  effects  characterised  by  A 
—  a  second  size  effect  to  be  expected. 
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As  outlined  above,  even  with  respect  to  the  pure 
electrical  effect  not  very  much  reliable  data  has  been 
gathered.  For  the  investigation  of  structural  phenom¬ 
ena,  this  is  even  more  true.  Beyond  that,  conception- 
al  problems  still  have  to  be  solved  as  the  question  of 
the  tensor  character  of  the  chemical  potential  if  L 
becomes  small.  In  addition,  effects  such  as  line  and 
edge  tension  or  triple  junction  properties  may  be¬ 
come  highly  relevant  in  nanosized  samples.  It  is  also 
worth  mentioning  that  under  those  conditions  the 
equilibrium  crystal  structure  deviates  from  the  Wulff- 
plot  as  it  is  also  manifested  in  the  individual 
equilibrium  structure  of  small  clusters.  In  short:  even 
though  a  few  conceptual  points  can  be  stated,  the 
field  of  nano-ionics  is  largely  terra  incognita. 
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Abstract 

The  morphology  diagram  of  possible  structures  in  two-dimensional  diffusional  growth  is  given  in  the  parameter  space  of 
undercooling  A  versus  anisotropy  of  surface  tension  e.  The  building  block  of  the  dendritic  structure  is  a  dendrite  with  a 
parabolic  tip,  and  the  basic  element  of  the  seaweed  structure  is  a  doublon.  The  transition  between  these  structures  shows  a 
jump  in  the  growth  velocity.  We  show  the  analogy  of  diffusional  growth  with  dewetting  patterns  of  a  fluid  film  on  a 
substrate.  We  also  describe  the  structures  and  velocities  of  fractal  dendrites  and  doublons  destroyed  by  noise.  The  extension 
of  these  results  to  three-dimensional  growth  is  briefly  discussed.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  last  few  years,  our  understanding  of 
pattern  formation  in  various  non-linear  dissipative 
systems  has  made  remarkable  progress.  Building  on 
these  foundations,  it  has  now  become  possible  to 
develop  a  description  of  a  large  class  of  patterns  that 
are  found  in  diffusional  growth.  This  leads  to  the 
construction  of  a  morphology  diagram  and  to  predic¬ 
tions  concerning  the  transitions  between  the  different 
structures  [1,2]. 

To  introduce  the  topic,  let  us  take  a  look  at  a  few 
interesting  patterns  appearing  in  nature  and  experi¬ 
ments.  Fig.  1  displays  one  of  the  most  popular 
examples  which  has  become  a  paradigm  of  the  field: 
the  snowflake.  It  also  happens  to  be  the  first  case  of 
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Fig.  1.  Drawing  of  a  snowflake,  adapted  from  a  photograph  by 
Kobayashi  and  Kuroda  [3]. 
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spontaneous  pattern  formation  in  nature  that  has  been 
treated  scientifically  (rather  than  as  a  theological 
topic)  in  a  publication.  In  his  article  on  ‘The  Six- 
Cornered  Snowflake’  [4],  Kepler  speculated  that  the 
six-fold  symmetry  of  snowflakes  has  to  do  with 
something  we  would  call  the  crystal  structure  today. 
He  also  arrived  at  the  conclusion  that  a  detailed 
understanding  of  snowflakes  was  beyond  his  reach. 
Just  how  judicious  this  modest  statement  was,  may 
be  gathered  from  the  fact  that  even  10  years  ago, 
more  than  350  years  after  Kepler,  the  basic  mecha¬ 
nism  by  which  the  characteristic  length  scales  of 
snowflake  patterns  arise  was  not  known. 

Snowflakes  are  ice  crystals  growing  from  a  critical 
nucleus  in  an  environment  of  supercooled  vapor.  The 
condensation  process  clearly  is  a  first-order  phase 
transition.  Contrary  to  second-order  transitions,  first- 
order  ones  give  rise  to  a  sharp  interface  between  the 
two  phases.  It  is  the  dynamics  of  this  interface  that 
are  of  interest  here. 

Snowflakes  are  flat  objects  of  approximate  but  not 
exact  hexagonal  symmetry.  Their  six  main  arms  have 
a  characteristic  structure:  they  emit  sidebranches  at 
crystallographic  angles.  When  these  structures  were 
given  names,  classical  education  was  still  prevailing, 
so  they  were  called  dendrites,  after  the  greek  ‘rd 
8iv8pov\  meaning  ‘the  tree’. 

No  two  snowflakes  are  alike.  Therefore,  their 
shape  must  be  extremely  sensitive  to  the  environ¬ 
mental  changes  brought  about  by  their  turbulent 
motion  within  the  cloud.  On  the  other  hand,  the  six 
arms  are  very  similar  to  each  other.  Hence,  on  the 
length  scale  of  the  size  of  a  snowflake  (1  cm),  its 
environment  must  be  spatially  homogeneous. 

The  question  then  arises  why  such  a  complex 
morphology  evolves  in  a  uniform  environment  — 
why  not  simply  spheres?  Or,  if  the  crystalline 
anisotropy  plays  a  role,  why  not  just  hexagonal 
plates  (according  to  the  crystal  system  of  ice)? 

Another  question  that  we  may  naturally  ask  is: 
how  does  the  snowflake  select  its  typical  length 
scales,  e.g.  the  tip  radius  of  its  main  arms,  the  width 
and  spacing  of  the  sidebranches? 

The  growth  dynamics  of  true  snowflakes  are 
complicated  by  several  circumstances  —  there  is  a 
large  density  difference  between  the  solid  and  the 
vapor;  besides  the  vapor  there  is  a  second  agent  for 
heat  transport,  namely  air;  furthermore,  the  temporal 
fluctuations  of  the  environment  of  a  flake  are  strong. 


Clearly,  it  will  be  much  easier  to  understand  the 
essential  mechanisms  by  analysing  experiments 
which  are  simple  to  prepare  and  still  produce  den¬ 
drites.  Some  most  careful  and  beautiful  experiments 
of  this  kind  have  been  done  in  the  group  of  Glicks- 
man  [5-8].  They  consist  of  chemically  pure  suc- 
cinonitrile  [C2H4(CN)2],  which  is  an  important 
model  substance  because,  being  transparent,  it  can  be 
easily  observed  during  solidification,  while  its  solidi¬ 
fication  properties  are  similar  to  those  of  (technologi¬ 
cally  important)  metals.  The  solid  phase  grows  into 
an  undercooled  melt.  There  are  no  facets  on  the 
crystal,  its  surface  is  rough.  This  means  that  the 
attachment  kinetics  of  molecules  at  the  interface  are 
very  fast  —  the  free  energy  for  the  formation  of  a 
step  on  the  interface  is  zero,  there  is  no  nucleation 
barrier.  Thus  kinetics  are  not  a  limiting  factor  in  the 
growth  process.  Growth  is  controlled  by  how  fast 
latent  heat  produced  in  the  solidification  process  can 
be  transported  away  via  diffusion.  (In  the  case  of  the 
snowflake,  this  is  not  true  for  the  third  dimension; 
growth  in  that  direction  is  faceted,  keeping  the  flake 
essentially  two-dimensional.) 

The  main  result  of  these  experiments  to  be  kept  in 
mind  is  that,  given  the  undercooling,  the  dendrite  has 
both  a  uniquely  selected  tip  radius  and  constant 
velocity. 

Completely  different  structures  are  commonly 
formed  by  minerals  crystallizing  from  viscous  mag¬ 
mas  or  by  certain  polymers  solidifying  from  the  melt 

[9] ,  so-called  spherulites.  Contrary  to  dendrites, 
spherulites  are  polycrystalline.  They  have  approxi¬ 
mately  radial  symmetry  and  their  substructures  are 
not  oriented  along  crystallographic  directions. 

Their  radius  grows  proportional  with  time,  which 
means  they  have  a  stationary  growth  phase.  Again, 
one  would  like  to  be  able  to  make  predictions  about 
selected  length  scales. 

It  was  proposed  by  Goldenfeld  [9]  that  spherulites 
are  three-dimensional  examples  for  a  growth  struc¬ 
ture  which  was  then  called  ‘dense  branching  mor¬ 
phology’  and  will  be  described  shortly.  Experimen¬ 
tally,  densely  branching  patterns  were  first  obtained 
in  a  non-crystalline  system;  this  was  the  viscous 
fingering  experiment  in  a  circular  Hele-Shaw  cell 

[10] .  An  inviscid  fluid  is  injected  into  a  viscous  one, 
displacing  it  and  forming  branchy  structures  in  the 
process.  It  is  still  controversial  [11,12]  whether  in 
such  a  system,  governed  by  the  Laplace  instead  of 
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the  diffusion  equation,  the  dense  branching  morphol¬ 
ogy  can  persist  at  large  length  scales. 

There  are  well-known  growth  models,  most  no¬ 
tably  diffusion-limited  aggregation  (DLA),  that  lead 
to  the  formation  of  fractal  patterns  [13], 

Since  DLA  is  a  Laplacian  system,  it  is  natural  to 
ask  whether  fractal  structures  are  to  be  expected  in 
diffusional  growth,  too. 

An  obvious  classification  of  growth  structures 
would  then  be  to  distinguish  between  compact  and 
fractal  patterns  [1,2],  By  compact  growth  we  mean 
growth  at  a  constant  (average)  density,  irrespective  of 
the  value  of  this  density.  As  we  shall  see  later,  fractal 
patterns  in  crystal  growth  are  fractal  only  up  to  a 
certain  size  and  compact  beyond. 

What  we  are  aiming  at  is  to  formulate  a  theory 
that  relates  the  diverse  discussed  patterns  in  some 
kind  of  kinetic  phase  diagram.  The  ‘kinetic’  used 
here  reminds  us  that  we  are  not  dealing  with  phase 
transitions  (which  would  imply  thermodynamic 
equilibrium),  but  dynamic  states  manifesting  them¬ 
selves  in  typical  growth  patterns.  In  the  literature,  the 
term  morphology  diagram  is  widely  used  [14], 

On  the  one  hand,  such  a  diagram  indicates  which 
patterns  are  selected  for  which  system  parameters.  Its 
existence  signifies,  in  particular,  that  there  is  a 
certain  degree  of  independence  of  the  observed 
morphologies  of  initial  conditions.  On  the  other 
hand,  given  the  existence  of  such  a  diagram,  one 
may  try  to  exploit  the  analogy  with  a  further  phase 
diagram  and  ask  questions  about  the  nature  of 
transitions  between  the  different  morphologies. 


2.  Formulation  of  the  problem 

We  are  interested  in  a  non-equilibrium  situation  — 
growth  of  a  stable  phase  from  a  metastable  one.  To 
be  specific,  we  consider  the  two-dimensional  growth 
of  a  pure  substance  from  its  undercooled  melt,  where 
the  growth  is  controlled  by  the  diffusion  of  the  latent 
heat  of  freezing.  It  obeys  the  diffusion  equation  and 
appropriate  boundary  conditions  at  the  moving  (not 
known  in  advance)  interface 

~DV^U  (1) 

=  (2) 


U\,,,  =  A-d(0)K  (3) 

The  indices  ‘L’  and  ‘S’  refer  to  the  liquid  and  solid, 
respectively.  The  specific  heat,  Cp,  and  the  thermal 
diffusion  constant  D  are  considered  to  be  the  same  in 
both  phases,  L  is  the  latent  heat;  U  =  (T-  T^)cJL 
is  the  appropriately  rescaled  temperature  field  mea¬ 
sured  from  the  imposed  temperature  of  the 
undercooled  melt  far  away  from  the  interface;  in 
terms  of  these  parameters, 

j=(r^-rjCp/L  (4) 

is  the  dimensionless  undercooling  of  the  melt  and 
is  the  melting  temperature. 

The  physics  underlying  Eqs.  (l)--(3)  is  quite 
simple.  A  solidifying  front  releases  latent  heat  which 
diffuses  away  as  expressed  by  (1);  requiring  heat 
conservation  at  the  interface  gives  (2)  {n  is  the 
normal  to  the  interface),  Eq.  (3)  is  the  local  equilib¬ 
rium  condition  at  the  interface  which  takes  into 
account  the  Gibbs-Thomson  correction;  K  is  the 
two-dimensional  curvature  and  d{S)  is  the  so-called 
anisotropic  capillary  length  with  an  assumed  four¬ 
fold  symmetry, 

d{e)^d^{\-  eco^AB)  (5) 

Here  d^  =  yTy^c^lL^  is  a  capillary  length  propor¬ 
tional  to  the  isotropic  part  of  the  surface  energy  y;  B 
is  the  angle  between  the  normal  n  to  the  interface 
and  some  fixed  crystallographic  direction,  at  which 
d(B)  is  minimal;  e  is  the  strength  of  the  anisotropy. 

In  Eq.  (3)  we  neglect  the  kinetic  effects,  that  is  the 
dependence  of  the  interface  temperature  on  the 
growth  velocity  which  holds  at  the  sufficiently 
small  undercoolings  and  velocities. 

Our  main  interest  here  is  concerned  with  patterns 
which  can  grow  at  constant  speed  even  at  low 
undercoolings  .4  <  1,  because  if  they  exist  they  will 
dominate  the  systems  behavior.  A  two-phase  struc¬ 
ture  then  must  exist  behind  the  growth  front  filling 
the  space  uniformly  on  sufficiently  large  scales.  The 
fraction  r)  of  solid  inside  this  two-phase  region 
should  be  equal  to  A  due  to  global  conservation, 

7f  —  A  (6) 

One  may  define  an  envelope  over  the  front  of  this 
complex  two-phase  structure,  calling  this  suitably 
averaged  envelope  the  average  front  in  contrast  to 
the  local  interface  separating  the  solid  from  the 


u, 
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liquid.  This  average  front  can  be  considered  as  the 
real  growth  front  in  the  sense  that  a  two-phase 
mixture,  solid  plus  liquid,  grows  into  a  one-phase 
region  originally  consisting  of  liquid  only.  These 
two-phase  structures  are  developed  from  initially 
smooth  interfaces  by  the  well-known  Mullins- 
Sekerka  instability  [15]. 

Eqs.  (l)-(5)  contain  two-dimensional  parameters, 

and  D,  and  two  dimensionless  parameters,  A  and 
€.  It  means  that  any  characteristic  length  scale, 
and  growth  velocity,  i;,  of  the  possible  structures  can 
be  presented  in  the  form 

f  =  eXv=Y  (7) 

“() 

Our  aim  is  to  predict,  for  given  undercooling  A  and 
anisotropy  6,  the  type  of  the  two-phase  structure,  and 
its  characteristic  length  scales  and  velocity,  that  is  to 
calculate  the  functions/ and  cp  in  the  relation  (7).  As 
it  turns  out  these  functions  have  scaling  forms  for 
small  A  and  6,  thus  showing  power  law  dependencies 
on  A  and  e. 

We  construct  the  kinetic  phase  diagram  in  the 
plane  (A,  e)  (Fig.  2),  which  represents  the  regions  of 
existence  of  different  structures  and  the  lines  of 
transitions  between  the  structures  [1,2].  We  discrimi¬ 


Fig.  2.  Kinetic  phase  diagram. 


nate  between  compact  structures  (C)  and  fractal 
structures  (F),  A  complementary  classification  deals 
with  the  existence  of  orientational  order.  A  structure 
with  pronounced  orientational  order  will  be  called 
dendritic  (D),  and  without  apparent  orientational 
order  it  will  be  called  seaweed  (S). 

It  turns  out  that  noise  which  always  exists  in  the 
system  (for  example  the  thermodynamic  noise)  ap¬ 
pears  to  play  a  crucial  role  in  the  formation  of  fractal 
structures  but  is  not  so  important  for  compact 
patterns. 


3.  Compact  dendrites  (CD) 


Dendrites  can  grow  at  arbitrary  small  undercooling 
A,  but  usually  a  non-zero  value  of  the  anisotropy  €  is 
required.  The  growth  pattern  evolving  from  a  nu¬ 
cleus  acquires  a  star-shaped  envelope  surrounding  a 
well-defined  backbone.  The  distances  between  the 
comers  of  the  envelope  increase  with  time.  For  small 
undercooling  we  can  use  the  scaling  relation  for  the 
motion  of  the  comers  as  for  free  dendrites  [16-19] 
with  tip  radius  and  velocity  v.  These  two  relations 
come  from  the  Ivantsov  formula  [20] 


(8) 


and  from  the  selection  condition  for  the  stability 
parameter  cr. 


1  _  A 
^  \/d„Dlv 


-7/8 


(9) 


It  is  quite  remarkable  that  Eq.  (8)  was  obtained  in 
1947  but  it  took  about  40  years  to  derive  the  very 
non-trivial  relation  (9).  One  can  find  the  details  in 
[16-19].  From  Eqs.  (8)  and  (9)  follow  the  dependen¬ 
cies  of  p^  and  V  on  the  parameters  A  and  €\ 


Pt 


doe 


-7/4 


A'\v 
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^7/4^4 


(10) 


Eq.  (10)  really  describes  a  needle-crystal  which, 
without  noise,  has  no  sidebranches.  The  corre¬ 
sponding  star  structure  then  cannot  fill  the  space  with 
constant  density  and  the  amount  of  material 
solidified  in  parabolic  form  increases  with  time  only 
according  to  t^^~  rather  than  t^  for  a  truly  compact 
object  in  two  dimensions. 
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A  small  amount  of  noise,  however,  cures  this 
problem.  The  tip  of  the  dendrite  is  still  stable  against 
small  noise  but  has  a  ‘convective’  instability  which 
produces  sidebranches.  Those  branches  continue  to 
grow  until  they  become  independent  primary  branch¬ 
es  a  distance  /  =  DIv  away  from  the  comers  of  the 
star.  The  global  shape  then  consists  of  an  envelope 
of  diamond  type  over  the  dendrite  tips  which  appear 
a  distance  DIv  apart  from  each  other.  The  velocity 
scales  like  Eq.  (10).  The  relative  space  filling  by 
primary  dendrites  and  sidebranches  of  course  must 
be  equal  to  A.  The  two  basic  length  scales  in  this 
pattern  accordingly  are  the  diffusion  length  DIv  and 
the  tip  radius  of  a  typical  dendrite. 

For  small  undercooling  A  those  two  length  scales 
are  well  separated,  ^  DIv.  While  the  dendritic 
stmcture  becomes  compact  only  at  length  scales 
larger  than  DIv,  it  shows  fractal  behavior  at  the 
intermediate  length  scale  €,  p^<^  <  DIv,  with 
fractal  dimension  D^—  1.5  [24].  In  this  fractal  object 
the  sidebranches  interact  due  to  the  competition  in 
the  common  diffusion  field.  Some  of  the  sidebran¬ 
ches  die  and  some  continue  to  grow  in  the  direction 
prescribed  by  the  anisotropy.  This  competition  leads 
to  coarsening  of  the  stmcture  in  such  a  way  that  the 
distance  between  the  surviving  sidebranches  is  ad¬ 
justed  to  be  of  the  same  order  of  magnitude  as  the 
length  of  the  sidebranches  and  is  proportional  to  the 
distance  from  the  dendritic  tip.  At  the  same  time,  the 
thickness  of  the  surviving  sidebranches  is  propor¬ 
tional  to  the  square  root  of  the  product  of  p^  and  the 
distance  from  the  tip.  On  length  scales  larger  than 
DIv  the  dendritic  stmcture  appears  to  be  compact 
with  mean  density  r)  =  A. 


4.  Compact  seaweed  (CS) 

CD  stmctures  formally  exist  at  arbitrary  small 
anisotropy  e  but  their  velocity  goes  to  zero  as  e  — >  0. 
It  was  recently  discovered  that  there  is  another 
stmcture,  compact  seaweed  (CS),  which  is  favorable 
for  smaller  e  and  larger  A.  The  velocity  of  the 
stmcture  remains  finite  at  e  -  0. 

The  .compsici-seaweed  morphology  [1,2]  was 
originally  introduced  on  the  basis  of  experimental 
observations  under  the  name  dense  branching  mor¬ 
phology  [25].  At  that  time,  however,  its  introduction 


as  a  morphological  ‘phase’  distinct  from  the  well- 
known  dendritic  morphologies  was  rather  specula¬ 
tive.  Computer  simulations  also  were  inconclusive  at 
that  time. 

The  first  indication  for  the  existence  of  such  a 
distinct  phase  came  (to  our  knowledge)  from  argu¬ 
ments  [1,2]  based  on  a  theoretical  study  of  crystal 
growth  in  a  channel  [26].  This  analysis  of  channel 
growth  gave,  among  other  things,  the  following 
results.  A  finger  type  pattern  symmetrically  in  the 
center  of  the  channel  could  grow  at  a  constant 
growth  rate  for  dimensionless  supercoolings  zl  >  0.5. 
The  finger  looks  similar  to  the  Saffmann-Taylor 
finger  of  viscous  flow,  but  belongs  to  a  different 
branch  of  the  mathematical  solution.  The  growth  rate 
of  the  crystal  increases  with  increasing  driving  force 
A,  as  expected.  A  specifically  remarkable  result  of 
this  theory  [26]  is  that  the  driving  force  sets  a  length 
scale  and  thereby  also  a  velocity:  For  a  given  driving 
force  0.5  <  zl  <  1  there  exists  a  characteristic  chan¬ 
nel  width  below  which  such  a  steadily  growing 
finger  is  no  longer  possible. 

However,  it  has  been  discovered  recently  that  the 
spectmm  of  solutions  for  growth  in  a  channel  is 
much  richer  than  had  previously  been  assumed. 
Parity-broken  solutions  were  found  [27]  and  studied 
numerically  in  detail  [28-30].  A  similar  solution 
exists  also  in  an  infinite  space  which  was  called 
‘doublon’  for  obvious  reasons  [28,29].  It  consists  of 
two  fingers  with  a  liquid  channel  along  the  axis  of 
the  symmetry  between  them.  It  has  a  parabolic 
envelope  with  radius  p^  and  a  liquid  channel  of 
thickness  h.  The  Peclet  number,  P  =  vpj ID  depends 
on  A  according  to  the  Ivantsov  relation  (8).  The 
analytical  solution  of  the  selection  problem  for 
doublons  [31]  shows  that  this  solution  for  isotropic 
systems  (e  =  0)  exists  even  at  arbitrary  small  under¬ 
cooling  A  and  obeys  the  following  selection  con¬ 
ditions: 


h~p, 


,-5/4 


-Jo- 
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Eqs.  (8)  and  (11)  give 

.-7  ^  .9 
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If  one  includes  finite  anisotropy  6,  doublon  solutions 
exist  only  above  the  solid  line  on  Fig.  2,  for  which 

(13) 

For  6  smaller  than  that  given  by  (13)  the  doublons 
obey  the  same  scaling  law  as  given  by  Eq.  (12)  [31]. 

It  should  be  noted  that  doublons  in  the  range  of 
their  existence  (13),  grow  faster  than  dendrites  for 
the  same  parameters  A  and  e.  This  statement  is 
confirmed  by  numerical  calculations  [28,29]. 

The  numerical  calculations  also  show  that  the 
double-fingering  structure  is  stable  against  competi¬ 
tion  between  the  two  fingers  which  belong  to  the 
doublon.  It  means  that  the  axis  of  symmetry  and  the 
direction  of  growth  are  stable.  Of  course  these 
directions  are  arbitrary  in  isotropic  systems.  It  is  not 
completely  clear  at  the  moment  if  the  stability  of  the 
free  doublon  pair  follows  precisely  the  scaling  law 
Eq.  (13).  In  any  case  this  line  represents  a  lower 
bound  on  A  for  a  given  e. 

We  assume  that  the  doublons  seem  to  represent  a 
key  point  in  the  growth  of  compact-seaweed  mor¬ 
phology  (Fig.  3).  The  formation  of  a  full  CS-struc- 
ture  evolving  from  a  growing  nucleus  is  possible 
only  due  to  noise,  which  triggers  sidebranches,  as  in 


Fig.  3,  Seaweed  structure. 


the  CD-structure.  The  resulting  two-phase  structure 
has  an  almost  isotropic  circular  envelope  which 
moves  with  approximately  the  same  velocity  [Eq. 
(12)]  as  a  free  doublon.  The  structure  is  fractal  with 
Z),  =  1.5  in  the  intermediate  length  scale  between 
and  DIv,  and  it  becomes  compact  with  mean  density 
A  for  the  length  scale  larger  than  Div.  The 
region  above  the  solid  line,  (Fig.  2),  corre¬ 

sponds  to  CS-structure  where  doublons  exist  and 
grow  faster  than  dendrites.  This  line  represents  the 
discontinuous  transitions  between  CD  and  CS-struc- 
tures  with  a  jump  of  velocities. 


5.  Surface  dewetting  as  a  diffusional  growth 
process 

As  an  application  of  this  theory  the  effective 
equations  of  motion  for  a  drying  thin  film  wetting  a 
substrate  are  derived.  These  equations  are  equivalent 
to  the  one-sided  model  of  diffusional  growth  with  an 
effective  diffusion  coefficient  which  depends  on  the 
viscosity  and  on  the  thermodynamic  properties  of  the 
thin  film. 

According  to  the  description  given  in  [33],  and 
also  by  Sharma  [34,35]  and  de  Gennes  [36],  there  is 
a  possibility  for  the  almost  dry  part  of  the  solid 
substrate  to  be  in  equilibrium  with  the  wet  part 
which  is  in  fact  a  thin  (but  macroscopic)  film  of  a 
liquid.  Both  parts  (dry  and  wet)  on  the  solid  substrate 
are  separated  by  an  interface,  which  can  be  described 
by  a  height  variable  h{x)  with  a'  being  the  coordinate 
across  the  interface  from  the  dry  to  the  wet  part. 
Towards  the  dry  part,  the  height  variable  goes  to  a 
very  small  value  /z_,  towards  the  wet  part  the  film 
thickness  goes  to  an  equilibrium  value  h.^(p)  for 
given  pressure  p  in  coexistence  with  the  vapor  phase. 
At  a  specific  pressure  /?()  the  liquid  film  can  be  also 
in  equilibrium  with  the  (almost)  dry  surface,  the 
corresponding  thickness  of  this  wet  film  then  is 
defined  as  /^o  = /z^.(Po)-  For  lower  vapor  pressure, 
the  equilibrium  film  thickness  h.^{p)  would  decrease 
to  a  value  smaller  than  but  it  would  be  metastable 
only  and  the  the  stable  dry  area  would  expand  at  the 
cost  of  the  wet  area.  This  is  the  dewetting  phenom¬ 
enon  under  consideration.  Patterns  similar  to  Fig.  3 
have  been  recently  observed  experimentally  [37]. 

We  assume  a  surface-tension  y  exists  between  the 
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liquid  and  the  vapor.  The  free  energy  of  the  film  then 
can  be  written  as 

G  =  J {gih{x,  y))  +  ~  \Vh\^}  (k  dy  (14) 

In  equilibrium  a  double-tangent  construction  to  g{h) 
gives  two  solutions  of  h_  for  the  dry  part  and  of 
hQip)  for  the  wet  part  of  the  surface.  This  leads  to 
the  evolution  equation  [34,35,37]  for  the  film  vari¬ 
able  h(x,y;t): 


Note  that  a  relaxational  term  proportional  to  a  has 
been  added.  This  term  alone  guarantees  that  a 
homogeneous  liquid  film  will  relax  to  its  equilibrium 
value  by  evaporation  or  condensation.  ^(/?)  is  the 
chemical  potential  of  the  vapor.  For  h  —  h^{p)  this 
term  vanishes. 

The  first  part  of  Eq.  (15),  proportional  to  the 
inverse  viscosity  17  of  the  liquid  film,  describes  a 
creeping  motion  of  a  thin  film  flow  on  the  surface.  In 
the  (almost)  dry  area  the  contributions  of  both  terms 
to  the  total  flow  and  evaporation  of  material  can  be 
basically  neglected,  because  of  the  small  value  of 
h_,  typically  less  than  one  monolayer  of  adsorbed 
fluid.  Inside  the  wet  area  we  can  to  the  lowest  order 
linearize  h  =  h^[\+  u{x,  y)],  where  u  is  now  a  small 
deviation  from  the  asymptotic  equilibrium  value  for 
h^{p)  in  the  liquid.  Since  V/i„(p)  =  0  the  only 
surviving  terms  are  linear  in  u  and  its  spatial 
derivatives  Vw  and  Au.  Therefore,  inside  the  wet  area, 
the  evolution  equation  for  the  variable  part  u  of  the 
height  variable  /z  becomes 

du 

~  Au  —  (16) 

We  have  dropped  here  the  terms  since  the 

effective  diffusion  constant  D^ff-(hl/3r}){d^g/ 
dh^}  +  ay  is  positive  and  dominates  the  long-wave¬ 
length  behaviour  over  the  fourth-order  term.  The 
relaxation  coefficient  is  =  a{d~g/dh^}.  Deriva¬ 
tives  are  taken  around  the  equilibrium  value  /z  =  Aq. 
Note  that  (16)  now  is  precisely  the  equation  of 


motion  studied  in  [41],  generalizing  our  basic  model 
(Eq.  (1)). 

Of  course,  this  approximation  holds  only  inside 
the  wet  region,  not  directly  at  the  dry- wet  interface. 
This  interface  region  gives  rise  to  a  profile  h(x) 
similar  to  a  tanh  function.  The  development  of  the 
tanh  profile  from  the  dry  to  the  wet  part  occurs  over 
a  distance  that  is  short  compared  to  the  typical 
patterns  being  observed  in  the  dewetting  process.  We 
can  therefore  replace  this  profile  by  a  sharp  interface 
between  the  dry  and  the  wet  part,  but  must  add  the 
corresponding  boundary  conditions  to  the  equation  of 
motion  (16)  for  the  wet  side.  Obviously,  the  bound¬ 
ary  conditions  consist  of  a  conservation  law  Eq.  (2) 
which  guarantees  that  a  displacement  of  the  dry-wet 
interface  must  locally  conserve  the  fluid.  Under 
dewetting  conditions  this  leads  to  a  swelling  of  fluid 
M  >  0  at  the  interface.  The  second  condition  clearly 
comes  from  the  surface  tension  y  which  tends  to 
keep  the  dry-wet  interface  straight.  This  is  then  just 
the  usual  Gibbs-Thomson  condition  for  an  interface, 
as  described  in  Eqs.  (3)  and  (4)  above,  with  the 
capillary  length  being  approximately  « yf 
({d^g(h)/dh^}^)  where  €  is  the  thickness  of  the 
dry -wet  interface,  and  the  dimensionless  driving 
force  is  A  =  (Hq  -  h^)fhQ,  In  summary,  we  have  for 
this  viscous  fluid-flow  problem  of  surface  dewetting 
exactly  the  same  equations  as  for  the  diffusional 
growth  of  an  isotropic  solid. 


6.  Fractal  structures 

For  the  compact  structures  described  above  noise 
is  important  only  as  the  trigger  of  sidebranches.  It 
has  been  assumed  that  the  tips  (of  dendrites  or 
doublons)  remain  undestroyed.  However,  the 
strength  of  noise  may  be  large  enough  not  only  to 
trigger  the  sidebranches  but  also  to  destroy  the  tips. 
In  order  to  estimate  the  parameters  for  which  it 
happens  let  us  look  at  the  theory  of  sidebranch 
formation  more  carefully.  According  to  the  result  of 
Danger  [32]  the  root  mean  square  amplitude, 
of  the  sidebranches  on  the  underlying  parabolic 
interface  generated  by  thermal  fluctuations  depends 
on  the  distance  from  the  tip  z  according  to 
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Here  the  stability  parameter  a  is  given  by  Eqs.  (9) 
and  (11)  for  dendrites  and  doublons,  respectively;  F 
is  the  relative  noise  strength  (/^  1) 


r=(r/7’„) 


1/2 

T  ~ 
’  ^  0 


(L"dl\ 

WJ 


1/2 


(18) 


where  is  the  Boltzmann  constant.  The  tip  be¬ 
comes  destroyed  if  the  amplitude  of  the  sidebranches 
is  of  the  order  of  at  the  distance  z  ~  pt  down  the 
shaft.  Thus  we  obtain  from  Eq.  (14)  the  following 
condition 

(19) 


The  tips  of  the  structures  will  be  destroyed  if  the 
stability  parameter  cr  becomes  smaller  than  the 
critical  value  cr*  given  by  Eq.  (16).  Using  the  value 
cr~e'^  [Eq.  (9)],  one  obtains  from  Eq.  (16)  a  line 
of  smooth  transition  from  CD  to  FD-structures  in 
Fig.  2: 


lins-Sekerka  instability.  At  that  time,  however,  the 
existence  of  doublons  was  not  known. 

A  new  approach,  therefore,  is  required  for  the 
description  of  the  fractal  patterns  with  the  destroyed 
tips.  Such  destroyed  fractal  structures  have  been 
already  investigated  in  the  framework  of  Saffmann- 
Taylor  viscous  fingering  and  diffusion-limited  aggre¬ 
gation  [21-23].  The  important  result  of  these  in¬ 
vestigations  is  that  there  exists  an  effective  envelope 
obtained  by  averaging  over  the  structures,  which  has 
precisely  the  same  shape  as  an  ideal  stable  solution 
—  the  shape  of  the  Saffmann-Taylor  finger  in 
isotropic  systems  and  parabolic  shape  in  anisotropic 
systems.  The  density  inside  this  effective  envelope  is 

<  1 .  The  envelope  has  a  characteristic  tip  radius 
p,.  Because  the  underlying  structure  is  fractal  with 
fractal  dimension  Dj-^1.71  in  the  intermediate 
length  scale  between  small-length  cutoff  a^-  and  p,, 
the  density  i)  inside  the  envelope  can  be  obtained 
from  the  definition  of  the  fractal  dimension  (apart 
from  a  constant  prefactor) 


6*~|lnrr^^’  (20) 

The  analogous  line  which  separates  CS  and  FS- 
structures  in  Fig.  2  can  be  obtained  using  Eqs.  (8), 
(11)  and  (16): 


h 

pf*  ~ J  dr  rr)(r) 

iti- 

which  gives  more  explicitly 


(21) 

Eq.  (16)  has  the  following  physical  meaning.  Let  us 
rewrite  this  relation,  using  the  definition  of  cr  =  dJ3>l 
{vp])  [Eq.  (9)],  which  gives  the  following  condition 
for  a  stable  tip  radius: 

A-PMs|lnr|  (22) 

where  ~\/d„Dlv  is  the  Mullins-Sekerka  length 
describing  the  instability  of  a  planar  interface.  One 
can  think  of  the  right-hand  side  of  (19)  as  the 
characteristic  length  scale,  aj,  of  the  instability  due 
to  noise 

=  Pms  |ln  r|  ~\/d„Dlv  |ln  /’I  (23) 

The  tip  is  stable  if  p^  <  aj^  and  it  becomes  destroyed 
if  pj  >  The  same  small-size  cutoff  depending 
on  noise  F  was  introduced  in  our  previous  paper 
[1,2]  based  on  the  consideration  of  the  self-similar 
development  of  perturbations  induced  by  the  Mul¬ 


(24) 


Following  these  results,  we  will  now  try  to  define  an 
averaged  or  coarse-grained  structure  over  such  a 
noisy  fractal  pattern  and  to  formulate  an  equation  of 
motion  for  this  coarse-grained  structure  using  scaling 
arguments.  More  explicitly  we  try  to  estimate  the 
characteristic  length  scale  of  the  structure  and  its 
growth  velocity  by  considering  the  steady-state 
motion  of  an  effective  parabolic  envelope  which 
replaces  the  destroyed  dendrite  or  doublon.  The 
density  of  the  solid  phase  inside  the  envelope  with 
tip  radius  p^  is  given  by  Eq.  (21),  where  the  small 
size  cutoff  Gi  is  defined  by  Eq.  (20) 


v(p,) 


2-D, 


(25) 


The  temperature  inside  the  envelope  is  assumed  to  be 
close  to  the  melting  temperature.  Because  the  density 
i)  inside  the  envelope  is  smaller  than  1,  we  have  to 
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replace  the  latent  heat  L  by  r}L.  It  changes  A  in  Eq. 
(4)  to  (A/rf)  and  modifies  the  Ivantsov  relation  to 


The  crucial  point  of  the  analysis  is  a  modification  of 
the  selection  conditions  (9)  and  (11).  The  ex¬ 
perimental  and  numerical  results  [21-23]  (the  exist¬ 
ence  of  a  selected  envelope)  support  the  idea  that 
those  selection  conditions  do  exist.  Unfortunately, 
we  do  not  know  any  results  which  allow  us  to  write 
down  these  modifications  explicitly.  But,  using  sca¬ 
ling  arguments,  we  can  write  the  selection  conditions 
in  the  following  scaling  form  with  scaling  exponent 
p  which  for  the  moment  is  undetermined  but  will  be 
specified  later.  For  dendrites  we  can  write 


1  A 

^  y/doDIv 


■7/8 


and  for  doublons 


1 


Pi 


^/d^DIv 


n-5/4  ~ 

P  V 


(27) 


(28) 


These  relations  (24)  and  (25)  transform  into  Eqs.  (9) 
and  (11),  respectively,  for  tj-I. 

The  selection  relations  (24)  and  (25)  may  be 
interpreted  as  the  conditions  of  selection  due  to  an 
effective  surface  tension.  We  have  chosen  the  same  (3 
in  both  Eqs.  (24)  and  (25)  because  in  some  sense  the 
factor  can  be  seen  as  a  renormalization  factor 
for  the  capillary  length  dQ^d^l .  To  make  an 
estimate  of  possible  values  of  /3  it  is  natural  to 
assume  that  a  coarse-grained  surface  energy  should 
decrease  with  decreasing  77,  giving  /3<l/2  as  a 
reasonable  restriction.  We  have  shown  [1,2]  that  the 
scaling  exponent  p  can  be  expressed  in  terms  of  bulk 
Df  and  surface  fractal  dimensions: 


(29) 


All  the  characteristics  of  fractal  structures  depend  on 
the  noise  strength  F.  We  can  estimate  F  in  the  fractal 
region  using  Eq.  (15)  and  replacing  by  the  noise- 
induced  length  scale  from  Eq.  (20).  It  gives 


r|in  r|' 


The  noise  strength  F  ^  \  because  the  capillary 
length  d^  is  much  smaller  the  diffusion  length  DIv. 


7.  Conclusion 

We  have  discussed  the  structure  formation  in 
diffusion-controlled  growth.  The  given  description 
refers  to  solidification  of  a  pure  undercooled  melt  but 
it  also  can  be  applied  to  growth  of  a  pure  solid  from 
solution  or  isothermal  solidification  of  a  binary  melt. 
More  generally  one  may  speak  of  systems  with  a 
conserved  quantity  growing  by  diffusion.  The  main 
control  parameters  of  the  process  are  dimensional 
undercooling  A  and  the  strength  of  the  surface 
tension  anisotropy  e.  It  turns  out  that  the  noise  is  also 
very  important  for  the  structure  formation  and  we 
characterize  it  by  the  dimensionless  quantity  F. 

The  resulting  morphology  diagram  (Fig.  2)  with 
axes  zi  vs.  6  classifies  different  kinds  of  structures 
and  transitions  between  them. 

The  dendritic  structure  has  pronounced  orienta¬ 
tional  order  and  it  is  favorable  for  small  A  and 
relatively  large  e.  The  seaweed  structure  does  not 
require  anisotropy  and  is  favored  for  larger  A  and 
smaller  6.  The  transition  between  these  two  struc¬ 
tures  takes  place  around  the  solid  line  on  Fig,  2  [Eq. 
(13)]  which  is  continued  by  the  dotted  line  into  the 
fractal  region.  This  transition  is  discontinuous  with  a 
jump  of  velocities  since  the  doublons  move  faster 
than  the  dendrites  as  soon  as  they  exist.  The  main 
element  of  the  dendritic  structure  is  a  dendrite  with  a 
parabolic  tip,  and  the  main  element  of  the  seaweed 
structure  is  a  doublon  (Fig.  3).  For  compact  dendritic 
and  compact  seaweed  structures  the  tips  of  dendrites 
and  doublons  are  stable  against  the  noise  which  is 
relatively  small  in  these  regions.  The  noise  triggers 
sidebranches  which  fill  the  space  and  make  the 
structures  compact  so  that  the  mean  density  of  the 
solid  phase  is  77  =  zl  on  the  length  scale  larger  than 
DIv.  In  the  intermediate  region  of  lengths  between 
the  tip  radius  p^  and  diffusion  length  DIv  the 
structure  can  be  described  as  a  fractal  but  with  a 
trivial  fractal  dimension  =  3/2  which  comes  from 
the  parabolic  shape  of  the  dendrite. 

The  region  of  fractal  dendritic  and  fractal  seaweed 
structures  near  the  origin  of  the  morphology  diagram 
is  characterized  by  noise  being  sufficiently  large  to 
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destroy  even  the  tips  of  dendrites  and  doublons.  It 
means  that  the  noise-induced  length  scale  [Eq. 
(20)]  is  smaller  than  p,.  In  the  range  between  a i  and 
pj  the  structures  are  fractal  with  a  non-trivial  fractal 
dimension  D,  {D^  1.71).  This  is  the  reason  why  we 

called  these  structures  ‘fractal’.  Furthermore,  these 
patterns  are  also  fractal  in  the  range  between  and 
DIv  but  again  with  the  trivial  fractal  dimension 
Z)f  =  3/2.  Finally  they  become  compact  on  length 
scales  larger  than  the  diffusion  length  DIv  just  as 
compact  dendritic  and  compact  seaweed  structures. 
Note  that  if  one  performed  a  measurement  of  the 
fractal  dimension  on  length  scales  around  the  cross¬ 
over  length  p,  one  would  observe  an  interpolation 
between  our  two  different  values  of  Z),-,  the  precise 
result  depending  on  the  interval  chosen  for  the 
measurement.  Since  both  the  dendritic  and  the 
seaweed  patterns  maintain  their  basic  identities  in¬ 
side  the  noisy  region  the  transitions  from  the  com¬ 
pact  to  the  fractal  regions  represent  rather  smooth 
changes  in  length  scales. 

We  have  described  the  structures  and  growth 
velocities  of  the  destroyed  fractal  dendrites  and 
doublons  by  introducing  renormalized  quantities  for 
capillary  length  and  density.  We  have  quantitatively 
introduced  an  effective  parabolic  envelope  following 
the  results  of  [22-24].  The  most  non-trivial  part  of 
our  analysis  is  a  modification  of  the  selection 
conditions  [Eqs.  (24)  and  (25)].  At  this  point  we 
have  used  scaling  arguments  which  leave  us  only 
with  one  undetermined  scaling  exponent  p.  This 
exponent  subsequently  is  determined  by  the  fractal 
dimensions  for  the  surface  and  £),  for  the  bulk  of 
the  growing  pattern.  The  closed  set  of  equations  for 
the  growth  rate  and  the  tip  radius  are  Eqs.  (22)-(24) 
for  fractal  dendritic  growth,  and  Eqs.  (22),  (23)  and 
(25)  for  fractal  doublon  growth.  The  two-dimension¬ 
al  theory  together  with  a  small  modification  [41]  in 
addition  explains  the  patterns  observed  on  a  solid 
surface  which  was  covered  by  a  thin  wetting  layer  of 
fluid.  When  a  dry  spot  nucleates  in  this  layer 
dewetting  occurs  through  the  propagation  of  the 
essentially  one-dimensional  separation  line  between 
the  wet  and  the  dry  parts  of  the  surface.  Doublon 
structures  then  can  be  clearly  observed. 

The  scaling  arguments  given  here  for  two-dimen¬ 
sional  growth  patterns  formally  can  be  extended  in  a 
straightforward  fashion  to  three  dimensions.  For 


dendritic  structures  this  seems  to  be  perfectly  permis¬ 
sible  since  the  basic  growth  laws  are  rather  similar  in 
two  and  three  dimensions  [38,39]: 

p,  |ln  A\IA,  v-^  (Al\\\  Af  (31) 

«() 

(compare  to  Eq.  (10)  for  2-D).  There  is,  however,  the 
crucial  difference  between  the  3-D  and  the  2-D  case. 
In  the  later,  small  anisotropy  implies  that  the  shape 
of  the  selected  needle  crystal  is  close  to  the  Ivantsov 
parabola  everywhere;  in  the  former,  strong  devia¬ 
tions  from  the  Ivantsov  paraboloid  appear  for  any 
anisotropy.  This  shape,  in  units  of  the  tip  radius  of 
curvature,  depends  mostly  on  the  crystalline  symme¬ 
try  and  it  is  almost  independent  of  the  material  and 
growth  parameters.  The  shape  of  the  3-D  dendrite, 
which  has  been  described  analytically  [39],  together 
with  sidebranching  activity  [24]  is  presented  in  Fig. 
4.  For  the  seaweed  patterns  much  less  is  known  since 
our  preliminary  results  are  mostly  numerical  ones 
[40]  (Fig.  5).  The  crucial  point  here  is  that  this 
self-organized  triplet  structure  is  not  imposed  by  the 
symmetry  of  the  calculation  box  and  it  consists  of 
three  cooperating  symmetry-broken  fingertips.  A 
hexagonal  or  triplet  structure  should  be  expected  to 
occur  under  free  growth  conditions  from  the  basic 
symmetry  considerations,  since  these  growth  prob¬ 
lems  do  not  have  reflection  symmetry  about  some 


Fig.  4.  3-D  dendrite. 
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Fig.  5.  3-D  triplon. 


average  interface  position.  The  resulting  multiplets 
consisting  of  symmetry-broken  cooperating  fingers 
of  the  growing  phase  finally  seem  to  be  the  basic 
building  blocks  for  the  compact  seaweed  morpholo¬ 
gy,  in  particular  the  triplet  structure  appears  to  be 
characteristic  for  free  growth.  We  expect  these 
triplons  even  to  appear  in  systems  with  convection 
driven  by  surface  tension,  provided  the  growth  rate  is 
faster  than  the  convection  rate  defined  as  the  ratio  of 
surface  tension  divided  by  viscosity.  At  present, 
however,  there  is  still  a  need  for  detailed  experi¬ 
ments  in  this  region  of  low  crystalline  anisotropy  but 
rather  high  driving  force. 
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Abstract 

The  through  focus  exit  wave  reconstruction  technique  uses  a  series  of  high  resolution  electron  microscopy  (HREM) 
images  to  reconstruct  the  complex  electron  wavefunction  at  the  exit  plane  of  the  specimen.  The  main  advantage  of  this 
technique  compared  to  conventional  HREM  is  better  interpretable  images  due  to  the  deblurring  of  the  information.  This  is  in 
particular  valid  for  surfaces  and  interfaces,  as  is  shown  by  examples  of  exit  waves  of  a  (001)  surface  of  NiO,  a  single  slab  of 
(Mo, €0)82  on  7-AI2O3  and  the  sapphire/Ce02  interface.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  High  resolution  electron  microscopy;  Surfaces;  Interfaces;  Exit  wave  reconstructions 


1.  Introduction 

Knowledge  of  the  atomic  arrangements  of  surfaces 
and  interfaces  is  of  vital  importance  for  the  under¬ 
standing  of  the  properties.  With  the  increasing  need 
of  the  accurate  determination  of  the  atomic  arrange¬ 
ments  at  non-periodic  structures  in  materials  design 
and  control  of  microstructures  and  nanostructures, 
techniques  that  allow  quantitative  structural  infor¬ 
mation  at  the  sub-angstrom  level  will  be  indispens¬ 
able.  Compared  to  other  techniques  used  to  obtain 
structural  information  of  materials,  high  resolution 
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electron  microscopy  (HREM)  has  the  great  advan¬ 
tage  that  it  yields  local  information  about  the  atomic 
arrangements,  projected  along  the  direction  of  elec¬ 
tron  incidence  at  a  resolution  comparable  to  the 
interatomic  distances.  By  combining  the  information 
obtained  from  different  projections  one  can  in  princi¬ 
ple  obtain  three-dimensional  structural  information. 

Several  groups  [1-5]  have  used  HREM  to  de¬ 
termine  the  atomic  arrangements  at  selected  grain 
boundaries  with  a  high  precision.  Yan  et  al.  [6]  have 
shown  that  it  is  even  possible  to  determine  the 
composition  of  individual  atom  columns,  using 
electron  energy  loss  spectroscopy.  Still  the  fraction 
of  grain  boundaries  that  can  be  studied  by  conven¬ 
tional  HREM  is  limited.  Recent  developments  in  the 
processing  of  HREM  images  make  it  possible  to 
reconstruct  the  electron  wavefunction  at  the  exit  of 
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the  object.  At  present  two  methods  are  used  in  a 
routinely  manner  for  exit  waves  reconstructions: 
through-focus  electron  holography  and  off-axis  elec¬ 
tron  holography  [7-9].  A  major  advantage  of  the 
reconstructed  exit  wave  is  that  it  allows  a  more 
straightforward  quantitative  interpretation  than 
HREM  images,  in  particular  for  non-period  features 
like  grain  boundaries. 

The  recent  papers  in  this  journal,  for  which 
HREM  was  applied  as  a  major  experimental  tool, 
can  roughly  be  divided  into  three  groups.  The  first 
group  concerns  the  investigation  of  substitutions  and 
the  presence  of  extra  atoms  and  vacancies  [10-12], 
whereby  one  is  mainly  interested  in  the  (superjstruc- 
ture.  In  the  case  only  small  crystals  are  available  and 
one  is  interested  in  the  average  structure,  the  best 
tool  is  quantitative  electron  diffraction  [13,14].  The 
second  group  is  the  study  of  the  morphology  and  the 
microstructure  [15-17].  The  third  and  most  impor¬ 
tant  group  is  the  investigation  of  grain  boundaries 
(atomic  structure,  presence  of  second  phases,  local 
composition)  [17,18].  In  the  present  paper  we  will 
concentrate  on  the  last  group,  HREM  on  grain 
boundaries  and  surfaces,  because  in  this  field  the  use 
of  exit  wave  reconstruction  has  the  most  advantages. 

In  the  HREM  investigation  of  grain  boundaries 
three  aspects  are  very  important  restrictions:  the 
shape  and  orientation  of  the  grain  boundary,  the 
crystal  lattices  of  the  adjacent  crystals  and  the 
resolution  of  the  electron  microscope. 

The  shape  and  orientation  of  the  grain  boundary  is 
important,  because  HREM  provides  in  first  approxi¬ 
mation  projections  of  the  structure,  such  that  only 
lateral  information  and  no  depth  information  is 
available.  This  implies  that  the  information  of  a  grain 
boundary  that  is  not  parallel  to  the  electron  beam 
will  be  smeared  out.  Concerning  the  determination  of 
rough  shapes,  a  lot  of  development  has  been  done  in 
the  last  few  years  on  the  determination  of  the  shape 
of  biological  particles  by  means  of  electron  tomog¬ 
raphy  [19,20].  The  present  state  of  the  art  is  that  a 
3D  resolution  of  about  1  nm  can  be  obtained.  For 
this  a  tilt  series  from  -  70°  to  +  70°  with  incre¬ 
ments  of  2°  are  typically  used.  The  3D  reconstruction 
of  these  biological  specimens  is  based  on  contrast 
changes  due  to  the  overlap  of  scattering  material  in 
projection.  In  the  study  of  inorganic  solid  state 
materials  a  1-nm  resolution  is  insufficient  and  also 


more  difficult  to  obtain.  The  1-nm  resolution  is 
insufficient  because  one  will  be  interested  in  the 
atomic  arrangements  at  the  grain  boundary  (e.g.  even 
an  amorphous  grain  boundary  layer  of  0.5  nm  can 
strongly  influence  the  properties).  The  3D  recon¬ 
struction  of  grain  boundaries  is  more  difficult  when 
these  materials  consist  of  (small)  crystals.  Crys¬ 
tallinity  results  in  extra  contrast,  which  depends  very 
strongly  on  the  orientation.  In  orientations  where  the 
crystal  is  in  a  low-index’  orientation,  it  scatters  the 
electrons  much  stronger  than  in  a  high-index  orienta¬ 
tion.  This  cancels  the  one-to-one  correspondence 
between  contrast  and  the  projected  average  scattering 
potential. 

A  crystalline  specimen  allows  one  to  obtain  a 
structure  image.  In  this  case  one  has  to  orient  the 
crystal  such  that  the  projection  of  the  structure  along 
the  electron  beam  results  in  image  features  that  can 
be  resolved  given  the  resolution  of  the  electron 
microscope.  This  implies  that  the  imaging  can  only 
be  done  with  the  electron  beam  along  a  small 
selection  of  crystal  directions.  Obviously,  the  better 
the  resolution  of  the  electron  microscope  the  more 
directions  can  be  used. 

If  the  crystal  is  perfectly  aligned,  the  atoms  can  be 
considered  as  aligned  in  columns.  In  this  case  a 
column  scattering  potential  [21],  as  schematically 
shown  in  Fig.  1,  can  replace  the  scattering  potential 
of  the  atoms.  The  column  scattering  potential  de¬ 
pends  on  the  weight  of  the  atoms  and  their  distance 
along  the  column.  If  the  crystal  is  tilted  such  that  the 
column  is  not  exactly  along  the  electron  beam 
(mistilt  less  than  1°)  this  column  approach  is  still 
valid  [22]. 

Summing  up  the  requirements  for  obtaining 
HREM  images  of  grain  boundaries  that  can  be 
interpreted  in  a  straightforward  way:  (i)  the  grain 
boundary  is  straight,  (ii)  the  grain  boundary  is 
parallel  to  the  electron  beam,  (iii)  one  of  the  grains 
and  preferable  both  are  in  such  an  orientation,  that 
lattice  imaging  is  possible.  Obviously  most  of  these 
requirements  become  the  more  stringent  the  thicker 
the  specimen.  On  the  other  side,  a  too  thin  specimen 
might  not  reflect  the  initial  structure  of  the  grain 
boundary  due  to  changes  induced  by  the  thinning  of 


'a  low  index  orientation  is  an  orientation  [hkl]  that  has  a  low  sum 
h  +  k  +  1. 
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Fig.  1.  (a)  Schematic  representation  of  an  atomic  arrangement  around  a  grain  boundary.  It  is  supposed  that  lattice  imaging  is  only  possible 
along  the  directions  a,  b,  c  and  d.  The  crystallographic  arrangement  of  the  grains  is  such  that  the  direction  b  in  the  left  grain  is  parallel  to  the 
direction  a  of  the  right  grain,  and  the  grain  boundary  is  parallel  to  the  a  direction  of  the  grain  on  the  right.  Because  of  that  favourable 
orientation  relation  structure  images  of  both  grains  are  obtainable  and  the  image  of  the  grain  boundary  is  as  sharp  as  possible.  For  this 
orientation  columns  can  replace  the  rows  of  atoms,  each  with  its  own  scattering  potential  depending  of  the  weight  of  its  atoms  and  their 
spacing.  The  further  the  orientation  deviates  from  the  directions  a,  b,  c  and  d,  the  poorer  the  contrast  of  the  HREM  images,  which  trend  is 
faster  for  thicker  specimens.  Thus  a  very  thin  specimen  will  still  allow  an  appreciable  misorientation  (several  degrees). 
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the  specimen  or  lattice  relaxations  due  to  the  very 
limited  thickness  of  the  specimen.  The  interaction 
between  electrons  and  matter  is  very  large  (about  10*^ 
times  larger  than  for  X-rays),  such  that  very  small 
specimen  thicknesses  can  be  investigated.  The  speci¬ 
men  thickness  required  for  a  good  image  contrast 
ranges  from  1  to  10  nm  depending  on  the  scattering 
potential.  This  implies  that  the  requirements  that  the 
electron  beam  is  parallel  to  the  grain  boundary  and 
parallel  to  atom  columns  are  not  very  stringent. 
Obviously,  the  better  the  resolution  of  the  micro¬ 
scope,  the  more  directions  one  can  get  structural 
images  from.  In  particular  for  the  study  of  grain 
boundaries  this  increase  in  suitable  directions  is 
important.^ 

Compared  to  the  imaging  of  the  atomic  arrange¬ 
ment  at  a  grain  boundary,  the  imaging  of  the  atomic 
arrangement  of  a  surface  is  much  easier.  In  the  first 
place  the  requirement  that  the  second  grain  is  also  in 
an  orientation  allowing  structure  imaging  does  not 
have  to  be  fulfilled.  Secondly  no  information  from 
the  second  grain,  due  to  delocalisation  of  infor¬ 
mation,  is  complicating  the  interpretation  of  the 
image  of  the  surface.  In  most  cases  the  crystallo¬ 
graphic  planes  occurring  at  grain  boundaries  are  also 
the  most  stable  surface  planes,  because  such  surfaces 
and  interfaces  tend  will  have  a  relatively  low  energy. 
Thus  a  surface  can  serve  very  well  as  a  model 
material  to  investigate  the  atomic  arrangements. 

In  this  paper  we  want  to  illustrate  the  use  of 
through-focus  exit  wave  reconstructions,  in  particular 
on  grain  boundaries.  To  illustrate  the  differences  in 
delocalisation  of  information  between  reconstructed 
exit  waves  and  HREM  images,  we  show  some 


“Assuming  that  a  HREM  allows  a  double  tilt  of  ±30°,  one  out  of 
three  grain  boundary  can  be  aligned  along  the  electron  beam. 
Assume  next  that  by  rotation  of  the  specimen  about  the  interface 
normal  with  a  range  of  40°,  one  orientation  can  be  reached 
allowing  structure  imaging  for  the  first  or  the  second  adjacent 
grain.  Then  the  chance  of  being  able  to  have  a  grain  boundary 
being  parallel  to  the  electron  beam  with  the  first  grain  only  (the 
situation  for  a  surface)  is  still  one  out  of  three.  Assuming  random 
orientation  of  the  grains  and  that  the  maximum  misorientation  is 
2°,  the  chance  that  an  orientation  can  be  found  in  which  both 
grains  are  in  a  both  grains  in  an  orientation  allowing  structure 
imaging  is  1  over  30.  A  doubling  of  the  number  of  orientations 
allowing  structure  imaging  increases  this  chance  to  2  over  15. 


simple  examples  rather  than  giving  examples  of 
quantitative  comparisons.  Surfaces  are  used  to  illus¬ 
trate  the  problems  arising  with  the  imaging  of  grain 
boundaries,  because  they  can  serve  as  simplifications 
of  grain  boundaries.  After  a  short  introduction  to  the 
resolution  of  the  electron  microscope  and  the  de- 
localisation  of  information  due  to  the  imperfection  of 
the  microscope,  three  examples  of  reconstructed  exit 
waves  are  discussed. 

1.1.  The  resolution  of  the  electron  microscope 

Concerning  the  resolution  of  a  HREM,  one  has  to 
distinguish  between  point  resolution  (or  structural 
resolution)  as  the  finest  detail  that  can  be  interpreted 
directly  in  terms  of  the  structure,  and  the  information 
limit  which  is  the  finest  detail  that  can  be  resolved  by 
the  instrument,  irrespective  of  a  possible  interpreta¬ 
tion.  The  electron  microscope  in  the  phase  contrast 
mode  at  optimum  focus  (Scherzer  focus)  directly 
reveals  the  projected  potential,  i.e.  the  structure,  of 
the  object,  provided  the  object  is  very  thin  and  the 
atom  columns  are  sufficiently  separated.  All  spatial 
frequencies  g  with  a  nearly  constant  phase  shift  are 
transferred  from  object  to  image  (see  Fig.  2).  Hence 
the  point  resolution,  can  be  obtained  from  the 
first  zero  of  the  transfer  function.  The  information 


Fig.  2.  Transfer  function  (imaginary  part,  and  thus  for  the  phase) 
for  300  kV  with  a  Q  of  1 .3  mm  and  a  defocus  of  "63  nm  (which 
is  close  to  Scherzer  focus).  The  damping  corresponds  to  a  defocus 
spread  of  6  nm  and  a  divergence  of  0.1  mrad.  The  point 
resolution  =  0.2  nm  and  the  information  is  0.14  nm  assuming  that 
the  contrast  should  be  at  least  10%. 
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beyond  pg  is  redistributed  over  a  larger  image  area 
(delocalisation  of  information).  In  particular  the  high 
frequency  information  can  be  delocalised  over  sever¬ 
al  nanometers  even  for  a  good  electron  microscope 
and  optimal  imaging  conditions.  The  information 
limit  corresponds  to  the  maximal  diffracted  beam 
angle  that  is  still  transmitted  with  appreciable  signal- 
to-noise  ratio.  Since  the  information  limit  is  mostly 
better  than  the  point  resolution,  a  promising  way  of 
increasing  the  resolution  is  by  restoring  the  infor¬ 
mation  that  is  present  between  pg  and  pj  and  which 
obviously  has  the  wrong  phase.  This  information  has 
to  be  unscrambled  for  which  purpose  exit  wave 
reconstruction  has  been  developed.  In  that  case  pj 
will  determine  the  final  resolution. 

Recently  two  exit  wave  reconstruction  methods  to 
unscramble  the  delocalised  information  have  been 
developed:  through-focus  electron  holography  and 
off-axis  electron  holography  [7].  The  exit  wave 
reconstruction  (unscrambling  of  the  information)  is 
done  in  two  steps.  First,  the  wavefunction  in  the 
image  plane  is  reconstructed.  Since  by  recording  the 
image  only  the  amplitude  information  is  collected, 
one  has  to  use  a  method  to  determine  also  the 
missing  phase  information.  The  phase  in  HREM 
images  can  be  determined  by  holographic  methods  of 
which  two  approaches  exist:  off-axis  holography  [8] 
and  focus  variation  [9].  For  both  techniques  one 
needs  a  very  high-resolution  camera  (CCD),  a 
powerful  image  processor,  and  a  field  emission 
source  to  provide  the  necessary  spatial  coherence.  In 
off-axis  holography  [8],  the  beam  is  split  by  an 
electrostatic  biprism  into  a  reference  beam  and  a 
beam  that  traverses  the  object.  Interference  of  both 
beams  in  the  image  plane  then  yields  fringes,  the 
positions  of  which  yield  the  phase  information.  In 
the  focus  variation  method,  the  focus  is  used  as  a 
controllable  parameter  so  as  to  yield  a  through  focus 
series  from  which  both  amplitude  and  phase  in¬ 
formation  can  be  extracted  [23-27].  Images  are 
captured  at  very  close  focus  values  so  as  to  collect 
all  information  in  a  three-dimensional  space,  com¬ 
posed  of  the  intensities  of  the  image  R{x,y)  and  the 
defocus.  Schiske  [23],  Kirkland  [24]  and  Saxton  [25] 
have  already  suggested  such  methods.  An  alternative 
to  the  use  of  exit  wave  reconstructions  is  to  improve 
the  point  resolution  of  the  electron  microscope.  A 
0.1 -nm  point  resolution  is  already  obtainable  with 


high-voltage  high-resolution  electron  microscopes 
[28,29].  Such  microscopes  have  as  disadvantage  their 
price  and  an  increased  chance  of  irradiation  damage. 

In  the  exit  waver  reconstruction,  after  determining 
the  image  wave  one  has  to  reconstruct  the  exit  wave 
of  the  object.  For  this  the  microscope  parameters 
have  to  be  known  very  precisely.  This  forces  the 
microscopist  to  perform  the  experiments  with  care 
and  to  decide  beforehand  which  information  he 
wants  to  achieve,  such  that  the  experiments  are 
optimised  to  obtain  this  information.  In  the  case  one 
aims  at  the  highest  resolution,  the  best  focus  range  is 
around  Lichte  focus  (about  three  times  Scherzer 
focus)  for  which  the  damping  of  the  high  frequency 
information  is  smallest. 

Coene  et  al.  [9]  have  developed  a  procedure  to 
refine  the  exit  wave  by  iteration  comparing  the 
simulated  images  for  the  whole  through  focus  series. 
The  best-matching  criterion  for  this  purpose  is  the 
maximum-likelihood  criterion.  In  this  way  all  in¬ 
formation,  both  linear  and  non-linear,  that  is  present 
in  the  images  is  fully  exploited,  so  that  the  highest 
precision  is  achieved. 

2.  Experimental 

Electron  transparent  areas  of  the  various  speci¬ 
mens  were  obtained  by  crushing  (NiO  and 
(Mo,Co)S2  on  7-AI2O3)  or  by  ion  milling  (sapphire/ 
Ce02  interface).  The  crushing  was  done  under 
ethanol,  after  which  a  suspension  was  dripped  onto  a 
Cu  grid  with  a  carbon-coated  holey  film.  The  ion 
milling  was  done  with  the  thin  film  side  facing  away 
from  the  ion  gun  with  a  final  ion-polishing  step  using 
an  acceleration  voltage  of  3  kV,  a  gun  current  of  0.3 
mA,  and  an  angle  of  8°.  Electron  microscopy  was 
performed  with  a  Philips  CM30ST  electron  micro¬ 
scope  with  a  field  emission  gun  operated  at  300  kV 
and  a  Link  EDX  element  analysis  system.  The 
information  limit  of  this  microscope  is  0.14  nm.  The 
high-resolution  images  were  recorded  with  a  1024X 
1024  pixel  Photometrix  CCD  camera  with  a  dynamic 
range  of  12  bits.  For  the  through  focus  exit  wave 
reconstructions  (TF-EWR),  a  series  of  15-20  HREM 
images  was  recorded  with  focus  increments  of  5.2 
nm. 

The  choice  of  representation  of  the  exit  wave  is  to 
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a  large  extent  arbitrary.  One  can  either  display  a 
positive  phase  shift  deviating  from  Inir  of  the  phase 
of  an  area  having  no  atoms  (e.g.  vacuum)  as  black  or 
white.  Similarly  a  decrease  in  the  amplitude  can  be 
displayed  in  two  ways.  In  this  paper  the  amplitude 
decrease  and  the  positive  phase  shift  in  thin  areas  are 
displayed  by  a  darkening.  Thus  for  small  thicknesses 
the  heavy  scattering  atoms  appear  as  dark  dots  in  the 
amplitude  as  well  as  in  the  phase  image,  allowing 
easy  comparison  of  these  two  images. 

In  order  to  determine  the  structure  of  a  surface  or 
interface  by  transmission  electron  microscopy  one 
has  to  view  parallel  to  the  surface  (profile  imaging) 
or  the  interface  as  is  shown  in  Fig.  3.  Additional 
requirements  are  that  one  has  to  look  in  a  direction 
along  which  the  atoms  are  aligned  in  columns  that 
are  sufficiently  separated  and  the  specimen  has  to  be 
very  thin  e.g.  20  nm  or  less. 


2.1.  Example  1:  image  calculations  of  a  [100] 
surface  of  NiO  imaged  in  profile 

The  complexity  in  the  structure  determination 
from  conventional  HREM  images  as  compared  to 
exit  waves  is  demonstrated  in  Fig.  4.  This  figure 
shows  calculated  exit  waves  and  calculated  conven¬ 
tional  HREM  images  for  a  range  of  defocus  values 
of  the  (001)  surface  of  NiO  viewed  along  the  [110] 
direction  for  two  thicknesses,  e.g.  1  and  5  nm.  In  the 
model  used  for  this  calculation  all  atoms  have  a 
Debye-Waller  factor  of  125  pm^  except  for  the  Ni 
atoms  at  the  (001)  surface,  which  have  a  Debye 
Waller  factor  of  375  pm^.  This  Ni  atom  can  be 
clearly  distinguished  in  the  amplitude  of  the  exit 
wave,  since  it  is  much  less  dark.  In  the  HREM 
images  this  different  Ni  atom  is,  however,  not 
observable.  In  fact,  these  images  would  be  almost  the 


Fig.  3.  Schematic  representation  of  profile  imaging.  The  arrow  indicates  the  direction  of  the  electron  beam. 
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Fig.  4.  Calculated  images  for  a  (001)  NiO  surface  in  profile  imaging,  using  Cs  =  1.3  mm,  a  defocus  spread  of  6  nm,  a  divergence  of  0.1 
mrad  and  a  mechanical  vibration  of  0.05  nm. 


same,  if  this  Ni  would  have  also  a  Debye-Waller 
factor  of  125  pm^. 

One  can  see  that  in  the  HREM  images  the 
information  of  the  surface  is  delocalised.  The  extend 
of  this  delocalisation  depends  on  the  defocus.  The 
information  of  the  ‘single  crystalline’  part  is  of 
course  also  delocalised,  but  this  is  not  visible  due  to 
the  periodicity  of  this  area.  In  this  figure  the  smallest 
delocalisation  seems  to  occur  at  a  defocus  of  about 
—  70  nm.  However,  this  minimum  delocalisation 
depends  on  the  scattering  angle,  the  wavelength  and 
the  spherical  aberration  of  the  objective  lens.  For  a 
spherical  aberration  of  1.35  mm  and  a  defocus  of 
about  —70  nm,  a  minimum  delocalisation  is  ob¬ 
tained  for  a  reflection  g  of  about  5  nm~^  But  for  a 
reflection  of  10  nm~^  the  delocalisation  is  still  very 
large  at  a  defocus  of  —70  nm  and  the  minimum 
delocalisation  occurs  at  a  defocus  of  about  —270 
nm.  No  defocus  can  be  chosen  to  have  the  minimum 
delocalisation  for  all  diffracted  beams. 

In  contrast  to  the  HREM  images,  in  which  the 
information  is  delocalised,  the  exit  wave  shows  a 
sharp  edge  of  the  specimen  and  the  difference  in 
Debye  Waller  factor  is  also  clearly  seen.  Obviously 


the  exit  wave  leads  to  a  much  more  accurate 
description  of  the  atom  positions  at  and  near  the 
surface.  Note  that  the  effect  of  a  larger  Debye  Waller 
factor  is  in  first  approximation  quite  similar  to  a 
smaller  scattering  potential.  In  the  phase  image  one 
can  see  that  the  dot  corresponding  to  the  Ni  atom 
with  the  Debye  Waller  factor  of  3  shows  a  larger 
extension.  Thus,  only  in  combination  with  the  size  of 
the  dots  a  larger  Debye  Waller  factor  can  be  dis¬ 
tinguished  from  a  partial  occupancy, 

2.2.  Example  2:  reconstructed  exit  wave  of  a  [100] 
surface  of  NiO  imaged  in  profile 

Fig.  5  shows  a  reconstructed  exit  wave  of  the 
(001)  surface  of  NiO  in  profile  and  one  of  the 
HREM  images  of  the  through  focus  series  used  for 
this  reconstruction.  The  black  dots  in  the  exit  wave 
correspond  with  Ni  columns  in  the  viewing  direction. 
The  Ni  atoms  are  imaged  as  black  dots  in  the 
amplitude,  whereas  the  black  dots  in  the  phase  image 
correspond  to  the  Ni  positions  in  the  thin  part  of  the 
crystal  and  to  O  positions  in  the  thicker  part.  The 
black  dots  of  the  Ni  columns  in  the  amplitude  at  the 
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Fig.  5.  Profile  images  of  the  (001)  surface  of  NiO.  (a)  Shows  an  experimental  image  taken  at  —  100  nm;  (b)  and  (c)  shows  the  amplitude  and 
phase  of  the  exit  wave,  calculated  from  a  through  focus  series  of  15  images,  of  which  the  image  (a)  is  the  first  image.  The  dark  dots 
correspond  with  Ni  columns  in  the  viewing  direction.  The  Ni  atoms  are  imaged  as  dark  dots  in  the  amplitude,  whereas  in  the  phase  image 
the  dark  dots  correspond  to  the  Ni  positions  in  the  thin  part  of  the  crystal  and  to  O  positions  in  the  thicker  part.  The  black  dots  of  the  Ni 
columns  in  the  amplitude  at  the  surface  are  less  dark,  probably  due  to  a  larger  Debye-Waller  factor.  The  arrows  point  to  the  same  line 
position,  from  which  is  clear  that  in  (a)  one  row  of  black  dots  is  actually  located  above  the  surface. 


surface  are  less  black,  which  is  probably  due  to  the 
larger  Debye  Waller  factor,  which  is  normally  larger 
for  atoms  at  the  surface.  The  experimental  image 
does  not  show  this  feature  of  less  contrast  at  the 
surface  because  of  delocalisation  and  because  it 
contains  information  from  both  the  amplitude  and  the 
phase  of  the  exit  wave  (the  phase  is  less  sensitive  to 
differences  in  Debye  Waller  factors).  Furthermore, 
the  experimental  image  shows  one  extra  row  of  black 
dots,  situated  outside  the  crystal,  which  is  obviously 
due  to  the  delocalisation  discussed  in  Example  1. 

In  case  one  is  only  interested  in  the  atomic 
positions  in  a  single  crystalline  area,  and  the  crystal 
is  well  aligned,  a  small  deviation  from  the  absolute 
focus  will  in  most  cases  not  lead  to  a  change  in  the 
positions  of  the  black  or  white  dots.  Thus  the  atom 
positions  can  still  be  determined  quite  accurately. 


However,  in  the  case  of  a  defect,  grain  boundary  or 
crystal  surface  (in  profile  view),  a  slight  deviation  in 
focus  can  lead  to  substantial  shifts  in  the  positions  of 
the  black  dots,  as  is  evident  in  Fig.  5,  which  shows 
the  effect  of  +10,  +5,  0,  -5  and  -10  nm  focus 
shift  from  the  absolute  focus  for  a  reconstructed  exit 
wave  of  a  (100)  surface  of  NiO.  The  focus  shifts  of 
+  10  and  -  10  nm  result  in  shifts  of  the  black  dots  of 
-0.02  and  +0.02  nm  away  from  the  bulk  respec¬ 
tively. 

2.3.  Example  3:  MoSj  slabs  on  y-AUO^ 

MoSt  to  which  cobalt  sulfide  or  nickel  sulfide  has 
been  added  on  an  atomic  scale  (CoMoS  and  NiMoS 
catalysts,  respectively)  is  employed  on  a  large  scale 
as  catalyst  in  the  hydrotreating  of  oil.  In  order  to 
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have  a  large  surface  area  and  to  prevent  rapid 
sintering  to  larger  particles,  frequently  7-AI2O3 
consisting  of  small  particles  is  used  as  support  for 
the  CoMoS  and  NiMoS  catalytic  phase.  M0S2  is 
present  as  slabs,  as  shown  in  Fig.  7.  The  most  active 
phase  is  believed  [30]  to  be  the  one  for  which  the 
edges  of  the  M0S2  slabs  are  decorated  with  Co  or  Ni 
(see  Fig.  7). 

Fig.  8  shows  the  phase  and  amplitude  of  a 
reconstructed  exit  wave  and  one  of  the  HREM 
images,  which  was  used  for  the  reconstruction.  A 
string  of  dark  dots  can  be  seen  in  the  amplitude 
image,  which  are  the  strongly  scattering  atoms,  e.g. 
Mo  and  Co.  The  last  dark  dot  of  the  string  is  much 
less  dark  than  the  others  ones,  indicating  that  in  this 
column  much  less  scattering  potential  is  present. 
This  could  be  due  to  a  large  fraction  of  Co  in  this 
column.  However,  if  the  slab  has  a  rather  pancake¬ 
like  shape  (see  Fig.  7b),  the  projection  of  the  edges 
will  also  result  in  less  scattering  potential.  Finally, 
the  atoms  at  the  edges  could  have  a  larger  Debye 
Waller  factor.  The  sulphur  atoms  are  more  visible  in 
the  phase  of  the  exit  wave.  The  black  dots  of  the 
sulphur  atoms  form  with  the  Mo  atoms  V  shapes, 
which  are  typical  for  the  M0S2  structure  along  this 
projection.  Note  that  along  the  electron  beam  direc¬ 
tion  the  CoMoS  slab  will  probably  also  have  a 


curved  shape.  Only  that  part  of  the  curved  columns 
of  atoms,  which  is  more  or  less  parallel  to  the 
electron  beam,  has  resulted  in  significant  contrast. 

2.4.  Example  4:  correction  for  the  delocalisation 
at  an  interface 

Single  crystalline  AI2O3  (sapphire)  is  considered 
as  a  very  suitable  substrate  material  for  microwave 
applications  due  to  its  low  dielectric  losses,  availabil¬ 
ity  of  large  crystals  and  relatively  low  cost.  Un¬ 
fortunately,  the  high  reactivity  of  sapphire  with  high 
temperature  superconductor  materials  prevents  direct 
epitaxial  growth  of  thin  films.  The  problem  can  be 
solved  by  the  deposition  of  an  intermediate  buffer 
layer.  Cubic  Ce02  demonstrates  a  low  reactivity  and 
the  ability  to  epitaxy  with  R-AI2O3  (1102)  and  the 
YBCO  phase.  Because  of  this,  it  is  considered  to  be 
a  good  buffer  layer  material  [31,32].  However,  the 
critical  properties  of  the  superconducting  layer  are 
strongly  dependent  on  the  single  crystalline  quality 
and  the  smoothness  of  the  buffer  layer:  a  smooth 
surface  and  a  low  density  of  mismatch  dislocations 
in  the  buffer  layer,  facilitate  the  epitaxy  of  the  HTSC 
layer  with  high  crystallinity  and  consequently  high 
and  f  characteristics  [33].  In  this  respect,  the 
accommodation  of  the  lattice  mismatches  at  the 


Fig.  6.  Experimental  exit  wave  (amplitude)  of  the  (001)  surface  of  NiO  in  profile  view  at  various  focus  values.  The  dark  dots  correspond 
with  Ni  columns  in  the  viewing  direction.  The  applied  focus  propagations  are  given  below  the  images.  The  image  on  the  far  right  represents 
the  same  series  of  images  but  compressed  in  horizontal  direction,  which  is  about  the  same  as  looking  at  a  glancing  angle  in  horizontal 
direction.  The  position  of  the  row  of  dots  at  the  surface  is  shifted  away  from  the  bulk  when  a  negative  focus  propagator  is  applied. 
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Fig.  7.  Schematic  representation  of  the  morphology  of  MoS,  particles  and  their  location  on  the  y-AKO,  substrate.  The  position  of  the  Co 
atoms  at  the  edges  is  illustrated  in  (a).  The  dark  small  atoms  are  Co  atoms,  and  the  large  and  small  bright  atoms  are  S  and  Mo,  respectively. 
The  covering  of  the  y-AKO^  particle  by  the  MoS,  particle  like  a  blanket  is  illustrated  in  (b). 


'  ’Ml  •  X  I  ji  ^  '  w  ^  r  ■ 

single  image  exit  wave  (phase)  exit  wave  (ampl.) 


Fig.  8.  HREM  image  and  exit  wave  of  a  MoS,  particle  on  y-AKO,.  (a)  Shows  one  of  the  HREM  images  of  the  through  focus  series,  (b)  and 
(c)  Show  the  amplitude  and  phase  of  the  reconstructed  exit  wave. 


YBCO/Ce02  and  Ce02/R-Al203  interfaces  are 
important  for  the  optimisation  of  the  manufacturing 
of  devices. 


Fig.  9  shows  images  of  a  sapphire/Ce02  interface. 
Fig.  9  show  a  typical  HREM  image  and  a  recon¬ 
structed  exit  wave,  respectively.  Note  that,  whereas 


Fig.  9.  HREM  and  exit  wave  images  of  the  CeO, /sapphire  interface,  (a)  Shows  a  HREM  image,  (b)  Shows  the  amplitude  of  the 
reconstructed  exit  wave.  Whereas  the  exit  wave  shows  a  very  sharp  interface,  in  the  HREM  image  the  interface  is  fuzzy  due  to  the 
delocalisation  of  information,  (c)  Shows  an  enlargement  of  a  section  of  the  exit  wave.  Open  circles  represent  the  bulk  positions  of  Ce  atoms. 
The  Ce  atoms  neighbouring  the  interface  are  shifted  towards  the  bulk  of  the  CeO,  layer,  (d)  Shows  a  diffraction  pattern  of  an  area 
containing  substrate,  Ce02,  and  YBCO.  From  this  it  can  be  concluded  that  the  sapphire  is  tilted  over  1.7°  about  the  interface  normal.  Due  to 
the  tilt  the  black  dots  in  the  sapphire  will  not  correspond  to  the  A1  positions.  Insets  in  (b)  and  (c)  are  calculated  exit  waves  using  a  specimen 
thickness  of  8  nm,  a  tilt  of  1 .7°  as  (d),  an  isotropic  specimen  vibration  of  0.05  nm,  no  objective  aperture  and  a  defocus  spread  of  6  nm. 
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the  exit  waves  reveals  a  very  sharp  interface,  in  the 
HREM  image  the  interface  is  fuzzy.  This  is  due  to 
the  delocalisation  of  information  occurring  in  the 
imaging  process.  Obviously  the  exit  wave  gives 
much  more  precise  information  about  the  atomic 
positions  at  the  interface. 

The  misfit  between  the  ^apphire  and  the 
lattices,  being  5.4%  in  [lOTl]  and  12%  in  [1210] 
directions,  is  mainly  accommodated  in  the  very  first 
atomic  layers  of  CeO^,  as  can  be  seen  in  Fig.  9.  This 
figure  shows  a  reconstructed  exit  wave  of  the 
sapphire /CeO 2  interface.  At  regular  intervals  one 
can  observe  a  different  contrast  in  the  CeO 2  layer 
next  to  the  interface.  The  average  spacing  between 
these  areas  is  4  nm,  which  agrees  well  with  the 
dislocation  spacing  which  one  expects  from  lattice 
parameters  mismatch  for  the  (001)  lattice  spacing  of 
Ce02  (0.541  nm)  and  the  (1102)  lattice  spacing  of 
sapphire  (0.4759  nm).  One  expects  a  dislocation 
spacing  of  3.95  nm.  The  mismatch  observable  in  the 
image  plane  should  also  be  present  along  the  viewing 
direction  since  in  this  direction  a  mismatch  also 
occurs. 

An  enlargement  of  the  exit  wave  of  the  interface  is 
shown  in  Fig,  9c.  The  positions  of  the  Ce  atoms  and 
the  A1  atoms,  corresponding  to  their  positions  in  the 
bulk  are  given  as  open  circles.  The  black  dots 
corresponding  to  the  Ce  atoms  neighbouring  the 
interface  are  more  elongated  along  the  interface 
normal  that  the  corresponding  black  dots  in  the  bulk 
and  they  are  a  little  bit  shifted  away  from  the 
interface.  The  elongation  might  be  due  to  small 
variations  in  the  positions  along  the  viewing  direc¬ 
tion.  The  shift  away  from  the  interface  suggests  an 
interface  relaxation  in  which  the  Ce  atoms  are  drawn 
into  the  CeO 2  lattice.  The  black  dots  at  the  Ce 
positions  of  the  first  atomic  plane  of  the  buffer  are 
absent  at  the  locations  of  the  misfit  dislocations.  In 
the  phase  image  of  this  exit  wave,  however,  one  can 
still  observe  dots  at  these  sites,  which  indicates  that 
the  atom  columns  on  these  sites  are  less  ordered  in 
the  viewing  direction.  This  is  quite  logical  given  the 
two-dimensional  dislocation  network. 

The  exit  wave  of  the  sapphire  in  Fig.  9c  shows 
two  types  of  dark  dots.  However,  calculated  exit 
waves  for  sapphire  show  that  these  two  types  of  dots 
are  both  A1  and  should  have  the  same  intensity, 
whereby  the  A1  atoms  are  not  in  the  centre  of  the 


four  surrounding  A1  atoms  as  is  shown  in  the  insets 
in  Fig.  9b  and  c.  In  the  experimental  exit  wave  the 
weak  dark  dots  seems  to  be  almost  in  the  centre. 
This  discrepancy  can  be  explained  only  partly  by  the 
rather  large  misorientation  of  the  sapphire.  Image 
calculations  show  that  for  such  a  tilt  the  intensities  of 
the  two  types  of  dots  can  be  slightly  different,  but 
less  than  in  the  experimental  exit  wave.  Also  the 
centering  of  the  black  dots  in  the  centre  of  the  four 
surrounding  black  dots  as  observed  in  the  experimen¬ 
tal  image  can  only  be  obtained  by  a  shift  of  the  A1 
position  along  the  c-axis  (e.g.  z(Al)  is  0.372  instead 
of  0.352).  It  should  be  noted  that  due  to  the  tilt  the 
position  of  the  dark  dots  in  the  exit  wave  would  be 
different  from  the  actual  atomic  positions.  One  also 
has  to  take  into  account  that  when  the  actual  columns 
of  A1  atoms  are  tilted  over  1 .7°,  the  projection  of  the 
top  of  the  column  is  shifted  over  0.15  nm  from  the 
projection  of  the  bottom  of  the  column  for  an  8  nm 
thick  specimen.  Thus  although  the  dark  dots  corre¬ 
sponding  to  the  A1  atoms  neighbouring  the  interface 
are  shifted  towards  the  interface,  they  might  not 
correspond  to  the  actual  position  of  the  A1  atoms. 

3.  Discussion 

The  electron-matter  interaction  is  sufficiently  well 
understood  to  allow  a  calculation  of  HREM  images. 
Such  calculations  are  frequently  used  to  verify  a 
postulated  structural  model.  In  the  image  simulation 
algorithm  three  stages  can  be  distinguished.  First,  the 
electron  scatters  dynamically  in  the  crystal.  This 
interaction  can  be  simulated  using  the  multislice 
methods.  As  an  input  to  the  multislice  program  one 
has  to  specify  all  the  object  parameters  such  as  unit 
cell,  position  and  type  of  cell  atoms,  Debye-Waller 
factors,  object  orientation  and  thickness,  and  the 
wavelength  of  the  electrons.  The  result  of  this 
calculation  yields  the  wavefunction  at  the  exit  face  of 
the  crystal.  In  a  second  step,  the  formation  of  the 
image  in  the  electron  microscope  is  simulated  where 
all  the  instrumental  parameters  have  to  be  specified. 
Finally,  the  electron  intensity  in  the  image  plane  is 
calculated  by  squaring  the  wavefunction.  Several 
commercial  software  packages  [34-37]  exist  for 
high-resolution  image  simulations.  For  calculations 
of  conventional  HREM  images  one  has  to  do  all 
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three  steps.  For  a  calculation  to  compare  with  the 
reconstructed  exit  wave  only  the  first  step  with  a 
subsequent  band  filtering  to  account  for  the  infor¬ 
mation  limit  are  required. 

Several  groups  have  done  excellent  quantitative 
characterisations  using  HREM  images  (grain 
boundaries  [1-5],  interfaces  [38-40]  and  single¬ 
crystalline  areas  [41]).  However,  a  large  majority  of 
the  present  use  of  image  simulation  is  that  the  image 
comparison  is  done  visually  and  not  quantitatively  or 
in  a  recursive  refinement.  Since  a  large  number  of 
parameters  can  be  adjusted,  visual  comparison  is  not 
very  reliable.  Obviously,  a  development  towards 
standard  use  of  quantitative  comparison  is  required. 
A  major  step  in  this  development  is  the  exit  wave 
reconstruction  technique,  because  that  gives  more 
precise  data  and  also  forces  the  electron  microscopist 
to  calibrate  the  microscope  and  to  work  according  to 
clear  procedures.  This  is  needed  because  the  exit 
wave  can  only  be  correctly  interpreted  if  this  is  done 
at  the  exact  focus  and  with  a  proper  correction  of  all 
the  lens  aberrations,  because  otherwise  phase  and 
amplitude  information  are  mixed.  A  robust  method 
for  determining  the  exact  focus  is  to  exploit  the 
entropy  of  the  exit  wave  as  a  function  of  focus 
[42,43].  An  efficient  correction  for  all  microscope 
parameters  is  possible  with  the  fingerprint  method 
reported  by  Thust  et  al.  [44].  The  local  misorienta- 
tion  can  be  measured  directly  by  using  nanodiffrac¬ 
tion.  But  the  change  in  doses  (electrons  per  unit  area) 
and  total  electron  flux  upon  switching  from  nanodif¬ 
fraction  mode  to  HREM  mode  can  lead  to  small  but 
very  significant  changes  in  the  orientation.  The 
determination  of  the  orientation  from  the  exit  wave  is 
in  principle  possible  as  is  illustrated  by  Bokel  et  al. 
[45,46].  They  showed  that  the  local  misorientation 
on  a  unit  cell  scale  could  be  determined  from  ‘single 
crystalline’  areas  in  the  exit  wave,  provided  this 
structure  is  known. 

If  one  wants  to  determine  the  structure  of  an 
object  without  modelling  a  major  final  step  remains: 
the  retrieval  of  the  projected  structure  of  the  object 
from  the  wavefunction  at  the  exit  face.  This  is 
certainly  not  a  straightforward  process.  It  is  most 
simple  if  the  object  is  thin  enough  to  act  as  a  phase 
object  (typically  less  than  2-4  nm  for  the  com¬ 
pounds  discussed  in  this  paper):  in  that  case  the 
phase  is  proportional  to  the  electrostatic  potential  of 


the  structure,  projected  along  the  beam  direction. 
However,  even  in  this  case  it  will  be  very  hard  or 
impossible  to  determine  the  exact  atomic  weight  of  a 
given  dark  dot  in  the  exit  wave,  because  its  contrast 
will  not  only  depend  on  the  atoms  in  the  projected 
column  but  also  on  their  Debye-Waller  factor  as  is 
shown  in  Fig.  2.  If  the  object  is  thicker,  the  problem 
is  even  more  complicated. 

However,  if  the  distance  between  the  columns  is 
not  too  small,  a  correspondence  between  the 
wavefunction  at  the  exit  face  and  the  column  struc¬ 
ture  of  the  crystal  is  maintained.  Within  the  columns, 
the  electrons  oscillate  as  a  function  of  depth  without 
leaving  the  column.  Hence,  the  classical  picture  of 
electrons  traversing  the  crystal  as  plane-like  waves  in 
the  direction  of  the  Bragg  beams,  which  historically 
stems  from  X-ray  diffraction,  is  in  fact  misleading.  It 
is  important  to  note  that  channelling  is  not  a  property 
of  a  crystal,  but  occurs  even  in  an  isolated  column 
and  is  not  much  affected  by  the  neighbouring 
columns,  provided  the  columns  do  not  overlap. 
Hence,  the  one-to-one  relationship  is  still  present  in 
case  of  defects  such  as  surfaces,  interfaces  or  dislo¬ 
cations  provided  they  are  oriented  with  the  atom 
columns  parallel  to  the  incident  beam.  One  can 
explicitly  specify  the  thickness  dependency  of  the 
wavefunction  at  the  exit  face  of  a  column.  In  that 
case  the  structure  can  be  considered  as  individual 
columns  of  which  the  scattering  and  thus  the  contrast 
changes  with  specimen  thickness.  This  leads  to  a 
situation  that  the  positions  of  the  black  dots  in  the 
exit  wave  do  not  change  their  position  but  do  change 
their  relative  intensities  with  thickness.  Thus,  if  the 
thickness  of  a  specimen  is  unknown,  one  is  unable  to 
indicate  the  scattering  of  a  given  projected  column 
but  the  position  of  this  column  can  be  determined 
quite  accurately.  In  this  way  the  exit  wave  still 
retains  a  strong  correspondence  with  the  projected 
structure,  whereby  the  positions  are  still  (almost)  the 
same  but  the  contrast  (in  phase  or  amplitude)  cannot 
be  used  to  determine  the  scattering  potential  in  the 
projected  structure  unless  the  thickness  is  accurately 
known.  We  used  this  to  determine  the  structure  of 
Ce5Cui2P9  [13];  from  the  exit  wave  we  were  able  to 
determine  the  positions  of  the  columns.  This  model 
was  the  basis  of  a  structure  refinement  using  electron 
diffraction  data  for  several  thicknesses,  whereby  first 
the  position  of  the  columns  was  refined  assuming  all 
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columns  to  be  equal  Cu  columns.  Next  the  occupan¬ 
cies  were  refined,  allowing  one  to  decide  which  atom 
columns  contained,  Ce,  Cu  or  P.  The  final  refinement 
gave  very  accurate  atomic  positions. 

In  conclusion,  exit  wave  reconstruction  has  now 
been  matured  into  an  important  step  towards  quan¬ 
titative  structure  determination  of  crystalline  objects. 
By  extending  in  this  way  the  resolution  limit  of  the 
microscope  up  to  the  information  limit,  which  is 
beyond  the  size  of  an  individual  atom,  it  has  become 
possible  to  resolve  atomic  structures  without  much  a 
priori  knowledge.  Further  development  is  needed  in 
particular  in  the  interpretation  of  exit  waves  from 
misoriented  areas. 
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Abstract 

Scanning  surface  potential  microscopy  (SSPM),  has  been  used  to  measure  spatial  variations  in  grain  boundary  properties 
in  SrTi03  and  ZnO.  Experimental  measurements  of  a  Fe-doped  SrTi03  X3  bicrystal  are  compared  to  finite  element 
calculations  to  quantify  the  effects  of  tip  geometry  and  sample-tip  separation.  Experimental  and  numerical  treatments  include 
realistic  tip  interactions  and  lateral  inhomogeneity  in  sample  properties.  A  procedure  for  extracting  actual  interface  potentials 
from  separation  dependence  is  proposed.  Both  the  sign  and  magnitude  of  the  grain  boundary  potential  barrier  measured  with 
SSPM  agree  with  macroscopic  measurements.  For  experimentally  available  tips,  the  effect  of  tip  geometry  was  found  not  to 
contribute  to  uncertainty.  In  application  to  polycrystalline  materials,  the  voltage  dependence  of  individual  interface  properties 
has  been  determined  in  micropattemed,  ZnO-based,  polycrystalline  varistor  devices.  ©  2000  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Atomic  force  microscopy;  Surface  potential;  SSPM;  Interface  potential;  Oxide 


1,  Introduction 

To  support  continued  miniaturization  and  hybridi¬ 
zation  of  oxide  electronic  devices,  a  fundamental 
understanding  of  interfacial  effects  at  the  nanometer 
scale  is  necessary.  It  is  at  this  spatial  scale  that 
potential  barriers  exist  due  to  charge  trapped  at 
interfaces,  facilitated  by  segregation  of  dopants  and 
impurities  [1]  as  well  as  the  presence  of  thin 
amorphous  layers  [2,3].  Such  scales  are  experimen¬ 
tally  difficult  to  access,  and  relevant  property  mea¬ 
surements  at  oxide  interfaces  have  only  been 
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achieved  using  either  transmission  electron  micro¬ 
scopy  (TEM)  or  probe-based  measurements.  For 
example,  scanning  tunneling  microscopy  (STM)  has 
been  used  to  detect  variations  in  conductivity  at 
polycrystalline  ZnO  grain  boundaries  [4],  and  to 
measure  Schottky  barrier  formation  at  the  interfaces 
between  Ti02  and  metal  clusters  [5].  Electrostatic 
force  detection  based  on  atomic  force  microscopy 
(AFM)  at  in  situ  biased  Nb-doped  Ti02  poly  crystals 
observed  the  voltage  dependence  of  grain  boundary 
potential  barriers  [6].  Potential  variations  were  quan¬ 
tified  using  scanning  surface  potential  microscopy 
(SSPM),  in  an  investigation  of  ZnO  varistor  materi¬ 
als  also  with  in  situ  applied  biases  [7].  This  tech¬ 
nique  was  applied  by  Nabhan  et  al,  [8]  to  directly 
observe  potential  barriers  in  acceptor  p-type  poly- 
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crystalline  silicon.  Vandervorst  et  al.  [9]  applied  a 
scanning  probe  tip  as  a  contact  voltage  probe  to 
detect  potential  variations  in  CMOS  transistors.  For 
the  particular  case  of  SrTi03  bicrystal  interfaces 
Maier  et  al.  [10,11]  have  investigated  tilt  and  twist 
acceptor-doped  SrTiO^  bicrystal  interfaces  at  tem¬ 
peratures  above  500°C  using  macroscopic  impedance 
measurements  and  in  situ  electrocoloration.  Dravid  et 
al.  [12]  employed  holographic  phase  contrast  in 
TEM  to  estimate  the  charge  and  potential  barrier 
associated  with  bicrystal  grain  boundaries,  and  to 
observe  the  disappearance  of  the  barrier  with  the 
application  of  large  external  biases  [13].  However, 
difficulties  in  interpretation  and  sample  preparation 
for  in  situ  TEM  studies  suggest  that  probe-based 
techniques  may  be  better  suited  for  the  investigation 
of  samples  of  interest  to  the  device  fabrication 
community. 

Since  the  scanning  techniques  of  surface  potential 
measurement  are  new  and  in  situ  measurements  have 
only  been  accomplished  recently,  careful  considera¬ 
tion  of  tip-sample  interactions  and  resolution  limits 
based  on  model  experiments  is  required.  This  paper 
first  compares  surface  potential  measurements  of 
bicrystal  interfaces  by  SSPM  with  numerical  calcula¬ 
tions.  The  spatial  variation  of  the  interface  potential 
baiTier  of  well  characterized  SrTiO^  bicrystals  pro¬ 
vides  the  model  system.  Finally,  individual  grain 
boundaries  of  polycrystalline  ZnO-based  commercial 
varistors  were  investigated  under  in  situ  applied 
fields,  allowing  determination  of  the  voltage  depen¬ 
dence  of  grain  boundary  electronic  properties  and 
demonstrating  the  general  application  of  the  ap¬ 
proach. 

2.  Experimental  details 

A  bicrystal  presents  an  ideal  geometry  with  which 
to  investigate  interactions  between  a  tip  and  a  true 
sample  surface.  A  70.6°  pure  tilt  23  grain  boundary 
along  the  {111}  plane  in  acceptor-doped  SrTiO^ 
(4.8  X  10 Fe  atoms/cm^)  was  fabricated  using  the 
Verneuil  method  [14].  Macroscopic  conductivity  and 
capacitance  measurements  at  elevated  temperatures 
(500-1000°C)  yielded  average  values  for  the  grain 
boundary  potential  barrier  and  depletion  width  of 
300  mV  and  400  nm,  respectively  (the  activated 


carrier  concentration  is  2.6  Xio’’  charges/cm^) 
[15].  The  ideal  atomic  structure  of  the  grain  bound¬ 
ary  core  was  measured  with  high  resolution  transmis¬ 
sion  electron  microscopy  for  similar  samples  (1.3  X 
lO''^  Fe  atoms/cm^  23  {111}  bicrystals);  the  inter¬ 
face  was  found  to  consist  of  Sr  and  O  atoms  at  the 
boundary  plane  with  perfect  mirror  symmetry  [16]. 
The  bicrystal  used  herein  was  polished  with  diamond 
impregnated  films  down  to  0.05  p>m  grit  size.  To 
apply  local  lateral  electrostatic  fields  to  the  interface, 
a  grid  of  400  nm  thick,  100  p.m  diameter  Al  contacts 
separated  by  350  p.m  gaps  was  electron  beam 
evaporated  through  a  shadow  mask  onto  the  surface 
of  the  bicrystal. 

Individual  grain  boundaries  in  commercial  ZnO- 
based  polycrystalline  varistors  [17]  were  isolated 
using  microlithography.  Contacts  were  deposited  on 
these  samples  using  standard  lift-off  metallization 
described  in  detail  elsewhere  [7].  The  measurement 
is  considered  in  situ  because  micropatteming  allows 
external  lateral  biases  to  be  applied  at  individual 
grain  boundaries  during  SSPM.  Biases  were  applied 
with  a  function  generator  (Wavetek  model  20),  and 
current  was  monitored  with  a  multimeter  (Keithly 
model  175)  connected  in  series  with  the  sample. 

The  configuration  of  local  electrostatic  potential 
variation  near  an  interface  is  described  as  follows.  A 
two  dimensional  defect  such  as  a  grain  boundary  can 
trap  charge,  and  in  an  oxide  the  consequence  to  local 
field  variation  extends  over  a  large  range  due  to  the 
magnitude  of  the  dielectric  constants.  Using  tradi¬ 
tional  semiconductor  models,  a  grain  boundary  inter¬ 
face  charge  can  be  treated  as  a  delta  function,  with 
an  oppositely  charged  depletion  region  extending 
into  the  adjacent  grains  so  that  charge  is  conserved. 
Fig.  1(a),  left,  depicts  a  negative  grain  boundary 
charge  (infinitesimally  thin)  as  well  as  a  positive 
depletion  region  (in  extinction  and  using  the  abrupt 
junction  approximation).  Solving  Poisson’s  equation 
for  this  charge  density  distribution  yields  the  equilib¬ 
rium  energy  band  diagram  indicated  in  Fig.  1(b),  left, 
for  a  n-type  semiconductor.  In  the  event  that  a 
positive  bias  (V)  is  applied  to  the  right  grain  while 
the  left  grain  is  grounded,  the  depletion  region 
lengthens  or  shortens  for  the  ‘reverse’  and  ‘forward’ 
biased  grains,  respectively.  The  interface  charge  can 
also  increase,  if  empty  interface  states  above  the 
Fermi  level  are  available.  The  charge  distribution  for 
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Sample  Tip  Sample  (+V  at  right) 


Fig.  1.  The  relationship  between  (a)  charge  density,  (b)  energy  band  diagram,  and  (c)  measured  surface  potential  for  a  grounded  npn 
junction  or  polycrystalline  grain  boundary  in  thermal  equilibrium  with  the  SSPM  tip  (center).  The  left  and  right  sides,  respectively,  depict 
the  model  without  and  with  an  external  bias  (V)  applied  to  the  right  side.  Parameters  include:  w  =  depletion  width;  5  =  thickness  of  p  region 
(-^0);  barrier  height;  WF^  and  VTF,  =  work  function  of  sample  and  tip,  respectively;  and  E^,  E^,  and  =  vacuum  level, 

conduction  band,  Fermi  level,  and  valence  bands. 


this  biased  case  is  shown  at  the  far  right  of  Fig.  1(a), 
while  the  right  of  Fig.  1(b)  indicates  the  modified 
band  diagram  for  an  external  applied  bias.  The 
potential  barrier  broadens,  becomes  asymmetric,  and 
decreases  in  magnitude. 

To  measure  the  voltage  dependence  of  potential 
barriers,  SSPM  was  employed.  SSPM  is  based  on  the 
century  old  concept  of  a  Kelvin  probe  [18]  or  null 
force  probe  [19-22].  Sensitivity  to  the  surface 
potential  of  a  sample  is  achieved  by  nulling  the 
capacitive  force  acting  on  a  biased  Permalloy  coated 
AFM  tip  oscillating  above  a  surface.  Using  standard 
intermittent  contact  AFM,  the  grounded  tip  first 
acquires  a  trace  of  the  surface  topography  in  the 
vicinity  of  a  grain  boundary  intersecting  a  surface. 
The  tip  then  retraces  the  topographic  profile,  sepa¬ 
rated  from  the  surface  50-100  nm,  thereby  maintain¬ 
ing  a  constant  tip-sample  separation.  During  the 
second  scan,  a  variable  DC  bias  (V^^^,,)  is  applied  to 
the  tip  (F^ip)  as  well  as  a  fixed  frequency  AC  bias 
(l^c '  sin(ft>0)«  This  leads  to  a  potential  difference 
(AF)  between  tip  and  an  arbitrarily  biased  sample 
(^Sample)  ^hat  includes  DC  and  AC  components, 


where  the  work  functions  of  tip  and  sample  (WF)  are 
considered: 

=  (^Nun  -  “  (WF^ip  " 

+  sin(ct>0  =  Fpc  +  sin(ft>0 

The  capacitive  force  exerted  on  the  tip  above  the 
surface  is  then  proportional  to  the  square  of  AF, 
resulting  in  three  distinct  force  components  (DC,  o), 
and  l(o\  where  z  is  the  separation  between  tip  and 
specimen  and  ^Eff  is  the  total  effective  capacitance 
including  the  tip  apex,  tip  edges,  and  cantilever 
surface: 


+  2v;,Ac  sm(cot)  J 

The  force  component  acting  on  the  tip  (and  causing 
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it  to  oscillate)  at  o)  will  be  eliminated  (null)  when  the 
adjustable  tip  bias  and  the  sample  surface  potential 
are  equal  “  ^)’  offset  by  the  differences  in  work 
function: 

VN„„=Vs„,„,„e  +  (W^/"Tip-H^'P's»n.p,e) 

In  this  manner,  the  surface  potential  at  any  position 
of  the  surface  is  determined  by  recording  the  adjust¬ 
able  tip  bias  (Vni,ii)  that  nulls  the  tip  oscillation  at  o). 
Fig.  1(c)  depicts  the  anticipated  SSPM  profiles  for 
the  grounded  and  biased  cases  of  the  grain  boundary 
with  negative  interface  charge  considered  in  Fig.  1  (a) 
and  (b).  As  can  be  seen,  SSPM  yields  the  surface 
potential,  which  is  the  mirror  image  of  the  energy 
band  diagram,  offset  by  the  tip-sample  work  func¬ 
tion  difference.  It  is  important  to  note  that  the  tip  and 
sample  apparent  work  functions  can  be  affected  by 
surface  adsorption.  However,  assuming  that  this 
effect  is  constant  with  lateral  position,  the  measured 
surface  potential  is  offset  by  a  constant  and  spatial 
variations  are  valid. 

This  simplified  description  of  SSPM  does  not  take 
into  account  capacitive  interactions  between  the 
biased  tip  and  a  heterogeneous  surface  potential  in 
the  sample.  Fig.  2  depicts  this  case,  including  six 
distinct  regions  of  differing  surface  potential.  Fol¬ 
lowing  Henning  et  al.  [5],  the  equation  that  describes 
the  force  acting  on  the  tip  at  (o  for  n  distinct  surface 
regions  is  thus  revised  (where  Ks./’ 

represent  the  ith  components  of  capacitance,  surface 


Fig.  2.  Schematic  diagram  of  how  a  heterogeneous  potential 
distribution  on  a  sample  surface  contributes  to  the  capacitance 
measured  by  a  tip.  Regions  directly  below  the  tip  affect  a  smaller 
tip  area  than  do  surrounding  regions,  resulting  in  a  non-linear 
interaction. 


potential,  and  work  function  for  the  surface  region 
respectively,  and  Hct  the  measured  surface 
potential  by  the  SSPM  tip)  [23] 


ac,- 


F  = — —V  V  =V  S 

^Tin.w  ’^DCV\C  ^AC  ^ 


"  nr 


I 


dz 


n 

=  -  Vs,,.  - 


/=  I 


dz 


Solving  for  F  =  0,  the  analytical  solution  for  the 
SSPM  measured  surface  potential  of  a  heterogeneous 
sample  is: 


NiiII.HlM 


S^7-[Vs,,  +  (WF,, 


/=  1 


I 


dz 


These  relations  are  used  in  the  comparison  of 
experimental  results  and  numerical  calculations. 


3.  Results  and  discussion 

The  topographic  structure  of  the  23  SrTi03  grain 
boundary  is  shown  in  Fig.  3(a),  where  only  polishing 
damage  is  visible.  Fig.  3(b)  reveals  a  variation  in  the 
surface  potential  measured  with  a  tip  height  of  80  nm 
that  takes  the  form  of  a  ridge  of  raised  surface 
potential.  The  contrast  variation  is  more  visible  in 
Fig.  3(c).  The  average  height  of  this  feature  is  25  mV 
(95%  confidence  is  ±9  mV),  and  the  depletion  width 
is  2770 ±40  nm.  It  is  noteworthy  that  the  grain 
boundary  is  not  visible  in  the  topography;  the 
position  was  confirmed  ex  situ  by  electron  backscat- 
tering  (EBSP)  in  a  scanning  electron  microscope 
(SEM)  [24].  Note  that  the  feature  clearly  varies  with 
position,  ranging  from  11  to  39  mV  in  height  and 
2.150-3.520  pirn  in  width  (in  excess  of  the  ex¬ 
perimental  energy  noise  of  5  mV).  Furthermore,  the 
‘apparent’  interface  potential  and  depletion  width 
depend  on  the  height  at  which  the  image  was 
obtained.  Table  1  summarizes  ‘apparent’  properties 
at  several  heights. 

The  presence  of  increased  surface  potential  at  the 
grain  boundary  position  can  only  result  from  a 
depression  in  the  corresponding  band  diagram,  the 
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Fig.  3.  Topographic  structure  (a)  and  surface  potential  in  plan  view  (b)  and  3-D  rendering  (c)  of  a  SrTiOj  S3  grain  boundary. 


Table  1 


Dependence  of  apparent 

properties  on 

tip  height 

Apparent  property 

z  =  60  nm 

Z  =  80  nm 

z=  100  nm 

Interface  potential  (mV) 

46±5 

25  ±9 

17±2 

Depletion  width  (nm) 

1770±170 

2770±40 

3240±30 

inverse  of  Fig.  1(c),  as  expected  for  an  acceptor- 
doped  material.  A  potential  trough  indicative  of 
positive  interface  charge  impedes  current  flow,  be¬ 
cause  positive  charge  carriers  dominate  conduction 
for  the  bicrystal  in  contrast  to  the  n-type  varistors. 
The  ‘apparent’  interface  potential  is  of  the  same  sign 
but  is  approximately  one  order  of  magnitude  lower 


than  the  macroscopically  derived  potential  barrier 
properties  [10].  This  discrepancy  may  be  due  to 
interactions  between  the  surface  and  the  entire  tip, 
mediation  of  the  SSPM  results  by  the  presence  of 
surface  charge,  or  attenuation  of  electrostatic  fields 
away  from  the  surface  complicated  by  the  heteroge¬ 
neous  potential  distribution  at  the  grain  boundary.  In 
an  effort  to  quantify  these  effects,  two-dimensional 
finite  element  calculations  [25]  discretely  solving 
Poisson’s  equation  for  the  experimental  tip /sample 
geometry  are  compared. 

Fig.  4(a)  and  (b)  depict  the  model  used  in  the 
simulation,  including  a  tip  with  a  50  nm  radius  of 
curvature,  a  tip  length  of  12.5  |xm,  a  tip  half  angle  of 
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Fig.  4.  Two  dimensional  finite  element  calculations  of  a  charged  grain  boundary  intersecting  a  surface.  The  model  includes  tip 
(length  =  12.5  jxm,  half  angle=17.5°)  and  cantilever  width  =  25  ixm.  (a)  The  details  in  the  tip  region  (b)  show  the  interface  which  has  a 
charge  of  +  1  X  lO'^  e/cm^  and  adjacent  depletion  regions  with  -2.6X  lO'^  e/cm\  Solutions  for  the  electric  potential  with  the  tip  over  the 
interface  (c)  and  displaced  laterally  (d)  are  compared. 


17.5°,  a  cantilever  width  of  25  jxm,  a  tip-sample 
separation  of  60  nm,  and  a  grain  boundary  with  the 
macroscopic  potential  barrier  oriented  perpendicular 
to  the  surface.  Boundary  conditions  include  a  posi¬ 
tive  interface  charge  of  +  l.OX  10‘^  charges /cm^  for 
the  centered  grain  boundary,  a  potential  barrier  of 
300  mV,  and  symmetric,  negatively  charged  depletion 
regions  extending  200  nm  into  each  of  the  adjacent 
grains  with  an  ionized  acceptor  concentration  of 
-2.6X10’’  charges/cm'\  The  number  of  nodes  at 
which  Poisson’s  equation  is  discretely  solved  is  485, 
where  at  least  25  nodes  are  always  present  between 
the  tip  apex  and  the  sample  (the  simulation  mesh  is 
indicated  in  Fig.  4(b),  a  close-up  of  Fig.  4(a)).  Fig. 
4(c)  shows  the  simulation  in  the  vicinity  of  the  tip 


lifted  directly  above  the  grain  boundary,  in  which  the 
contrast  represents  the  potential  distribution  ranging 
between  0  and  300  mV  (darkest  to  lightest).  A 
parabolic  potential  barrier  exists  at  the  interface  as 
anticipated.  The  tip  experiences  a  net  null  force  in 
the  simulation  following  the  procedure  of  Jacobs  et 
al.  [26].  By  repeating  calculations  with  the  tip  at 
successively  larger  lateral  displacements  from  the 
grain  boundary,  as  exemplified  in  Fig.  4(d),  a 
potential  barrier  profile  simulating  the  SSPM  experi¬ 
ment  is  obtained.  Fig.  5  depicts  the  calculations  for 
the  experimental  tip  geometry,  as  well  as  a  SSPM 
measured  surface  potential  profile  extracted  from  a 
potential  image  acquired  60  nm  above  the  surface. 
Note  that  the  calculated  potential  maximum  agrees 
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Lateral  Distance  to  GB  (nm) 

Fig.  5.  Comparison  of  experimental  (cross  hatches)  and  calculated 
(triangles)  potential  profiles  at  60  nm  above  the  surface.  The 
average  experimentally  measured  potential  maximum  was  46  ±5 
mV. 


with  the  average  measured  value,  46  mV,  although 
the  particular  profile  compared  in  the  figure  is  in  the 
upper  range  of  the  experimental  distribution. 

Of  course  electric  fields  decay  with  distance  from 
the  surface  so  the  measured  valued  depends  on  the 
height  at  which  it  was  obtained.  To  extract  the  actual 
value  at  the  surface,  the  distance  dependence  of 
results  from  the  numerical  calculations  is  parame¬ 
terized,  thus  accounting  for  the  inhomogeneous 
surface  potential  and  realistic  tip  dimensions.  The 
ideal  relation,  i.e.  that  from  the  calculations,  can  be 
described  as: 

=  ^0  expLBz'^] 

where  is  the  potential  measured  at  some  height  z, 
^0  is  the  potential  at  the  interface,  B  and  C  are 
constants  that  characterize  the  complex  sample-tip 
interaction,  equal  —0.47  ±0.01  and  0.345  ±0.005, 
respectively.  Using  this  functional  form  to  determine 
the  interface  potential  from  the  measurements  yields 
260  ±10  mV,  in  good  agreement  with  macroscopic 
measurements. 

The  ‘apparent’  depletion  depth  measured  with 
SSPM  is  larger  than  expected  from  macroscopic 
transport  measurements.  Tip  geometry  is  an  obvious 
and  well  known  factor  in  spatial  resolution  degra¬ 
dation  in  scanning  probe  microscopies.  To  quantify 


this  effect,  numerical  calculations  with  models  simi¬ 
lar  to  that  in  Fig.  4  were  done  for  the  most  ‘ideal’ 
shapes  available  as  conducting  tips  [27].  These 
calculations  showed  a  negligible  dependence  of  the 
potential  barrier  height  on  tip  geometry  at  heights  in 
the  range  of  60-100  nm;  differences  of  10-20%  in 
apparent  feature  width  might  be  determined  for  tips 
with  radii  of  curvature  between  25  nm  up  to  an  upper 
limit  of  200  nm.  A  procedure  for  extracting  the 
actual  value  from  the  measurements  has  not  yet  been 
developed. 

The  remaining  differences  between  properties 
determined  from  macroscopic  transport  studies  and 
local  probe  measurements  may  be  related  to  sample 
conditions.  It  is  known  that  oxide  surfaces  adsorb 
atmospheric  molecules  that  alter  the  surface  charge 
[28].  The  presence  of  surface  charge  might  dampen 
or  heighten  lateral  potential  variations.  Preliminary 
simulations  accounting  for  surface  charge  and  associ¬ 
ated  surface  band  bending  suggest  this  effect  is 
negligible.  It  is  also  possible  that  the  interface 
intersects  the  surface  at  an  angle  that  deviates  from 
90°.  Relative  misorientation  determined  by  BBS  is 
less  than  ±5°  and  would  not  account  for  significant 
variations  in  depletion  width.  Finally,  the  bicrystal 
grain  boundary  may  not  be  as  perfect  macroscopical- 
ly  as  suggested  by  TEM.  Amorphous  interfacial 
films,  facets,  and  pores  are  likely  to  exist  along  the 
boundary.  This  possibility  is  supported  by  recent 
near  field  optical  studies  on  similar  bicrystals  and 
thin  films  [29]. 

With  this  insight,  polycrystalline  materials  can  be 
quantified  from  several  perspectives.  Fig.  6(a)  and 
(b)  compare  the  topography  and  surface  potential  of 
the  ZnO  varistor  when  leads  just  to  the  left  and  right 
of  the  imaged  region  are  grounded.  Again,  a  grain 
boundary  is  not  apparent  in  the  topographic  struc¬ 
ture.  Two  regions  of  depressed  surface  potential  exist 
in  Fig.  6(b)  («70  mV),  resulting  from  the  presence 
of  second  phases  with  a  larger  apparent  work 
function  than  that  of  the  surrounding  grains  (includ¬ 
ing  the  mediation  of  the  sample  work  function  by 
surface  adsorbates).  These  regions  have  been  con¬ 
firmed  to  be  Bi  and  Ti  rich  second  phases  by  energy 
dispersive  spectroscopy  in  SEM  [7],  Fig.  6(c)  and  (d) 
depict  the  surface  potential  distribution  when  a  bias 
of  ±1  V  is  externally  applied  to  the  left  contact, 
respectively,  causing  current  flow  through  the  var- 
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Fig.  6.  Topographic  structure  (a)  and  surface  potential  of  unbiased  region  of  a  polycrystalline  ZnO  surface.  Surface  potential  variation  at  a 
grain  boundary  with  laterally  applied  (c)  forward  and  (d)  reverse  bias  (±1.00  V  applied  approximately  30  p.m  to  the  left  and  right). 


istor  during  this  in  situ  SSPM  experiment.  The  sharp, 
irregular  contrast  step  in  the  center  of  these  surface 
potential  images  represents  a  highly  resistive  feature, 
resulting  from  the  presence  of  a  potential  barrier 
containing  grain  boundary.  The  height  of  the  po¬ 
tential  step  is  approximately  190  mV,  although  it 
varies  as  a  function  of  position  (220-160  mV  from 
top  to  bottom  of  the  10  |xm  grain  boundary).  The 
potential  step  also  inverts  when  the  polarity  of  the 
external  bias  is  reversed,  as  expected,  except  at  the 
2nd  phases  where  the  electrically  active  interface 
switches  from  one  side  to  the  other  of  the  impurity 
region.  Reanalyzing  Fig.  6(b),  an  average  step  of  7 


mV  exists  along  the  entire  grain  boundary  correlating 
to  the  difference  in  relative  effective  work  functions 
of  the  adjacent  grains. 

Extracting  surface  potential  profiles  at  a  given 
position  for  a  series  of  external  biases,  and  knowing 
the  current  flowing  through  the  device  during  the  in 
situ  SSPM  measurements,  the  voltage  dependence  of 
the  potential  barrier  can  be  determined.  Current  is 
assumed  to  flow  by  thermionic  emission  over  the 
potential  barrier  (Ep  refers  to  the  Fermi  energy  with 
respect  to  the  conduction  band  minimum;  k  is 
Boltzmanns  constant;  T  is  room  temperature;  //Area 
is  the  measured  current  density  flowing  through  the 
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leads  during  the  in  situ  experiment  (the  cross  sec¬ 
tional  area  is  taken  from  the  microfabricated  contact 
dimensions);  and  is  the  bias  dropping  at  the 
grain  boundary  measured  directly  from  SSPM  pro¬ 
files): 

4>^^(V)=  -E^-kT 

r_l _ //Area 

Fig.  7  presents  the  voltage  dependence  of  the 
individual  potential  barrier  from  Fig.  6  and  compares 
results  from  the  local  and  macroscopic  measure¬ 
ments.  The  two  curves  for  the  local  properties 
represent  upper  and  lower  bounds  for  the  actual 
potential  barrier  directly  beneath  the  tip.  Specifically, 
the  lower  bound  is  obtained  by  assuming  all  mea¬ 
sured  current  flows  through  (over)  the  potential 
barrier  directly  beneath  the  tip.  The  upper  bound  is 
determined  assuming  that  a  purely  resistive  current 
path  exists  somewhere  between  the  contacts  in 
parallel  with  the  studied  potential  barrier.  This 
constant  shunting  resistor  is  defined  by  the  resistance 
between  the  leads  at  zero  applied  bias.  For  either 
limiting  case,  the  local  properties  of  the  single 


Fig.  7.  SSPM  derived  local  voltage  dependence  of  individual 
grain  boundary  potential  barrier  in  Fig.  6  compared  to  the 
macroscopic  properties  that  average  over  hundreds  of  grain 
boundaries.  The  two  curves  for  the  local  data  represent  the  upper 
and  lower  limits  due  to  assumptions  regarding  the  current  path. 


boundary  differ  substantially  from  the  macroscopic, 
average  response. 

4.  Conclusion 

A  correlation  of  scanning  probe-based  measure¬ 
ments  of  surface  potential  and  actual  local  properties 
has  been  made  for  the  case  of  a  charged  interface 
intersecting  a  surface.  The  potential  barrier  of  an 
acceptor-doped,  SrTi03  S3  bicrystal  grain  boundary 
is  found  to  correspond  to  a  positively  charged 
interface  and  a  negative  depletion  charge.  There  is  an 
intrinsic  experimental  problem  with  measurement  at 
the  surface  so  the  actual  properties  must  be  extracted 
from  measurements  above  the  surface.  Analytical 
solutions  of  simple  geometries  would  not  provide  the 
correct  relation  between  the  experiment  and  prop¬ 
erties  because  the  tip-sample  interactions  are  com¬ 
plex  due  to  tip  geometry  and  sample  inhomogeneity. 
This  model  system  allowed  characterization  of  realis¬ 
tic  tip- sample  interactions  and  lateral  sample  in¬ 
homogeneity  by  two  dimensional  finite  element 
analysis.  A  relation  that  was  determined  numerically 
was  applied  to  experimental  measurements  to  extract 
actual  local  properties.  Extending  SSPM  to  study 
grain  boundaries  of  micropattemed  polycrystalline 
ZnO  varistors,  the  voltage  dependence  of  individual 
interfaces  has  been  measured  in  situ.  There  is  a 
significant  difference  between  the  macroscopically 
derived  barrier  response  and  the  voltage  dependence 
of  the  individual  grain  boundary. 
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Abstract 

We  report  on  the  preparation  of  10  nm  lateral  size  semiconductor  structures  based  on  island  formation  in  strained  layer 
growth  in  molecular  beam  epitaxy.  Red  light  emitting  InP  quantum  dot  injection  lasers  are  presented.  They  contain  densely 
stacked  layers  of  self-assembled  InP  quantum  dots  embedded  in  a  Ga^  gjlng  49P  wave  guide  layer.  In  the  second  part  of  this 
contribution  we  report  on  a  new  atomic  layer  precise  etching  technique  in  MBE,  which  allows  improved  interface  control  for 
the  preparation  of  semiconductor  nanostructures.  The  etching  process  involves  AsBr,  exposure  of  a  GaAs  or  AlGaAs 
surface.  Switching  between  atomic  layer  precise  growth  and  etching  is  possible  within  a  few  seconds.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Molecular  beam  epitaxy;  P-compounds;  Self  assembling  quantum  dots;  Laser  diodes;  In-situ  etching;  Surface  patterning; 
V-groove;  MBE  regrowth 

PACS:  81.15.Hi;  78.66.Fd;  85.30.Vw;  42.55.Px 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  allows  atomic 
layer  precise  layer  thickness  control  in  semicon¬ 
ductor  thin  film  deposition.  Thin  epitaxial  layers  are 
prepared  by  MBE  for  fast  transistors  and  laser  diodes 
in  industrial  production  systems.  The  synthesis  of 
lateral  nanostructures  is  more  difficult  and  generally 
involves  lithography  and  etching  in  semiconductor 
technology  which  faces  problems  like  limited  res- 
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olution  and  defect  introduction  at  the  sidewalls  due 
to  reactive  ion  etching. 

Extremely  small  10  nm  size  quantum  dots  (QD) 
turned  just  recently  out  to  be  relatively  easy  to 
prepare  by  applying  Stranski-Krastanow  growth 
mode  in  strained  layer  heteroepitaxy  [1].  Interesting 
applications  for  self-assembled  QD  in  different  ma¬ 
terial  systems  are  light-emitting  diodes  and  semi¬ 
conductor  laser  diodes.  Optoelectronic  devices  with 
QD  on  Si  substrate  are  interesting  due  to  the  strong 
lateral  localization  of  carriers  in  the  active  medium 
and  the  resulting  reduced  sensitivity  to  non-radiative 
recombination  in  threading  dislocations,  which  are 
generally  formed  by  growth  of  strain  relaxed  GaAs 
on  Si  substrate,  Gerard  et  al.  reported  about  self 
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assembled  InAs  dots  in  thick  GaAs  layers  grown  on 
Si  which  show  improved  photoluminescence  (PL)  as 
compared  to  layers  with  quantum  wells  [2].  For 
semiconductor  lasers  containing  QD  a  lower  thres¬ 
hold  current  density,  a  higher  characteristic  tempera¬ 
ture,  and  an  increased  gain  and  differential  gain  in 
comparison  with  quantum  well  lasers  were  theoret¬ 
ically  predicted  [3,4]  due  to  the  discrete  energy 
levels  in  zero-dimensional  systems.  For  InAs  [5]  and 
In^.Ga,_^.As  [6,7]  dots  in  GaAs,  and  In^Al,_^As  in 
Al^,Ga,„^.As  [8],  injection  lasers  have  been  success¬ 
fully  demonstrated  and  show  some  of  the  characteris¬ 
tic  properties  which  have  been  predicted. 

Another  currently  more  and  more  intensively 
investigated  field  is  in-situ  surface  treatment.  In  the 
second  part  of  this  contribution  we  report  about 
atomic  layer  precise  etching  in  MBE  with  AsBr3  as 
the  etching  species.  Selective  etching  of  SiO^ 
masked  GaAs  (100)  substrates  allows  in-situ  prepa¬ 
ration  of  extremely  sharp  V-grooves  with  almost 
perfectly  planar  {110}  side  facets.  This  new  tech¬ 
nique  may  become  important  in  future  for  the 
preparation  of  monolithically  integrated  devices 
which  involve  two  epitaxial  growth  steps  with 
extensive  processing  in  between. 


2.  Self  assembling  InP  quantum  dots 

Ga^)  48?  is  lattice  matched  to  GaAs  substrate 
and  has  a  direct  band  gap  at  1.95  eV  at  4  K.  The 
lattice  mismatch  between  InP  and  Ga^ ^j^P  is 
3.7%.  The  deposition  of  InP  on  a  Ga^,  ^^^In^,  ^j^P  layer 
results  in  island  formation  after  exceeding  1.5  mono- 
layers.  The  size  of  the  InP  islands  is  about  15  nm  in 
diameter  and  2-3  nm  in  height  after  deposition  of 
three  monolayers  of  InP.  The  density  is  about  5  X 
lO'*^  cm^  as  shown  in  the  atomic  force  micrograph  in 
Fig.  1  [12].  These  InP  islands  form  almost  ideal 
quantum  dots  because  of  their  extremely  small  size 
and  because  they  can  be  fully  embedded  in  the 
barrier  material  Ga,,  MBE  overgrowth. 

Vertical  stacking  of  layers  with  InP  islands  results  in 
a  strong  correlation  of  the  islands  due  to  strain  fields. 
The  InP  islands  in  the  second  and  third  layer  tend  to 
nucleate  preferentially  right  above  the  underlayer 
islands  if  the  spacer  layer  is  thinner  than  the  exten¬ 
sion  of  the  strain  field  [1]. 

A  cross-sectional  transmission  electron  micro¬ 
graph  (TEM)  of  the  QD  laser  structure  is  shown  in 
Fig.  2.  The  growth  and  fabrication  details  are 
presented  elsewhere  [9].  The  InP  dots  appear  as  dark 
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Fig.  1.  Atomic  force  micrograph  from  the  surface  of  three  monolayers  of  InP  deposited  onto  a  GalnP  buffer  layer  on  GaAs  substrate.  The 
InP  forms  extremely  small  islands. 
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Fig.  2.  Overview  cross-sectional  TEM  micrograph  of  a  InP 
quantum  dot  laser  structure  containing  a  3-fold  stack  of  InP  dots 
embedded  in  the  GalnP  wave  guide  layer.  The  wave  guide  is 
surrounded  by  doped  AIq  j^In^  47P  cladding  layers. 


contrast.  The  0.9  jjLin  thick  p-  and  n-type  doped 
AllnP  cladding  layers  are  surrounding  the 
Gag  52lno  4gP  wave  guide  layer  which  contains  the 
3-fold  stack  of  InP  dots  [1,9].  Under  pulsed  opera¬ 
tion  we  obtain  the  typical  output  power  versus 
injection  current  density  characteristic  at  150  K 
which  is  shown  in  Fig.  3.  Thereby  the  threshold 
current  density  is  265  A/cm^.  The  inset  shows  the 
electroluminescence  (EL)  spectrum  below  threshold 
multiplied  by  250.  The  energy  position  is  at  1.741  eV 


with  a  FWHM  of  23  meV  which  is  in  good  agree¬ 
ment  with  PL  measurements  at  150  K  (not  shown 
here).  The  spectrum  above  threshold  demonstrates  a 
typical  narrowed  laser  line  at  1.748  eV  indicating 
ground  state  QD  lasing,  since  excited  states  and 
wetting  layer  luminescence  is  observed  at  higher 
energies  of  1.80  and  1.89  eV,  respectively. 

Fig.  4  presents  the  temperature  dependence  of  the 
threshold  current  density  of  three  QD  laser  diodes 
with  different  dot  sizes.  With  increasing  dot  size 
from  nominally  deposited  2.8”3.2  ML  InP  we  obtain 
decreasing  threshold  current  densities,  as  expected 
for  the  stronger  energetic  confinement  of  larger  dots 
in  GalnP  barriers.  For  the  sample  with  3.2  ML  InP 
dots  we  found  a  temperature  independent  threshold 
below  120  K  as  predicted  for  quantum  dot  lasers  [3]. 
Above  120  K  an  increase  is  found  due  to  thermal 
activated  carrier  evaporation  out  of  the  dots  into 
barrier  states.  To  achieve  lasing  at  higher  tempera¬ 
tures  the  carrier  confinement  has  to  be  increased  on 
the  one  hand  by  larger  dots  and  on  the  other  hand  by 
higher  barriers.  The  dot  size  reaches  a  limit  at  3.2 
ML  InP  due  to  nucleation  of  dislocations  in  the  case 
of  a  stack  of  three  or  more  dot  layers.  Thus,  the  more 
promising  way  is  to  use  higher  barriers,  e.g.  the 
quartemary  AlGalnP  or  alternatively  quasi-quarter- 
nary  short-period  superlattices  (qqSL).  First  results 
from  InP  quantum  dots  in  AlGalnP  are  presented  in 
Ref.  [10].  PL  measurements  on  samples  containing  a 
3-fold  InP  dot  stack  and  qqSL  as  barriers  showed 
one  order  of  magnitude  improvement  in  PL  intensity 
at  room  temperature  with  respect  to  test-samples 
with  GalnP  barriers  [11]. 


3.  Atomic  layer  precise  etching  in  MBE 

Recently,  intensity  oscillations  in  reflection  high 
energy  electron  diffraction  (RHEED)  have  been 
observed  during  in- situ  etching  of  GaAs  using  iodine 
[13,14],  ASCI3  [15-18],  AsBr3  [19-21]  and  tris- 
dimethylaminoarsenic  (TDMAAs)  [22-27].  PCI3 
was  used  by  Tsang  et  al.  [28]  and  Gentner  et  al.  [29] 
for  the  etching  of  InP  in  CBE.  The  in-situ  etching 
under  optimized  conditions  occurs  via  a  layer-by- 
layer  mechanism  analogous  to  the  reverse  process  of 
MBE  growth  and  thus  provides  control  on  the  atomic 
scale.  The  combination  of  in-situ  etching  and  MBE- 
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Fig.  3.  Output  power  of  the  InP  quantum  dot  laser  diode  versus  injection  current  density  under  pulsed  conditions  at  150  K.  The  inset  shows 
EL  spectra  below  and  above  threshold  current  density  =  265  A/cm"  at  150  K. 


Temperature  (K) 

Fig.  4.  Threshold  current  density  versus  temperature  T  for  dot 
laser  samples  A  (2.8  ML  InP  dots),  B  (3.0  ML),  and  C  (3.2  ML) 
and  for  a  GaInP/AlGalnP  double  quantum  well  laser  diode  as. 

growth  within  the  same  MBE  chamber  offers  consid¬ 
erable  potential  for  fabricating  low  dimensional 
structures  and  novel  devices. 

We  use  AsBr3  for  the  etching  within  a  solid  source 
MBE  growth  chamber,  because  the  Br  has  a  lower 
electron  affinity  than  F  and  Cl  and  therefore  less 
chemical  reactivity  against  MBE  equipment.  AsBr^ 


provides  also  arsenic  over-pressure  which  helps  to 
stabilize  the  GaAs  surface  even  without  additional 
As  flux  from  a  separate  As  source.  It  is  available  in 
high  purity  (6  N)  and  requires  no  precracking  and  no 
carrier  gas.  AsBr^  is  less  critical  to  handle,  since  the 
melting  point  (7,^,  =  32.8‘’C)  is  above  room  tempera¬ 
ture  and  the  source  material  is  kept  below  the 
melting  point  during  etching. 

In  the  following  we  describe  the  etching  process 
and  report  selective  in-situ  etching  of  SiO^  masked 
GaAs  (100)  substrates  and  MBE  regrowth.  Optimum 
conditions  for  thick  layer  GaAs  etching  and  etching 
rates  for  GaAs/AlGaAs  heterostructures  and  sub¬ 
strate  orientations  as  a  function  of  substrate  tempera¬ 
ture  have  been  reported  earlier  [20,30]. 

The  experiments  are  earned  out  in  a  modified 
conventional  solid  source  MBE  system  with  a  gas 
manifold  for  AsBr^  (6  N)  to  be  introduced  without 
carrier  gas.  A  schematic  illustration  of  the  system 
set-up  and  a  detailed  description  of  the  etching 
conditions  are  provided  in  Ref.  [20].  Fig.  5  illustrates 
the  etching  mechanism.  AsBr^  molecules  impinge  on 
the  surface  with  a  beam  equivalent  pressure  of  about 
2  X  10  mbar  for  a  typical  GaAs  etching  rate  of  0.1 
nm/s.  After  surface  migration  of  adsorbed  AsBr^. 
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Fig.  5.  Schematic  illustration  of  the  AsBrj  etching  mechanism  of  the  GaAs  surface. 


and/or  Br^  molecules  GaBr^^  molecules  are  formed 
due  to  their  higher  binding  energy  compared  to 
AsBr^.  The  etching  process  is  performed  by  GaBr^. 
desorption  from  the  GaAs  surface.  Some  AsBr^ 
molecules  as  well  as  excess  As  may  also  be  de¬ 
sorbed.  Zhang  et  al.  [31]  studied  the  reaction  mecha¬ 
nism  by  modulated  beam  mass  spectroscopy  and 
found  that  GaBr  is  the  main  etching  product.  Their 
results  indicate,  that  the  etching  rate  limiting  step  is 
the  formation  or  desorption  of  GaBr  and  not  the 
decomposition  of  AsBr3.  Significant  undercut  of  the 
Si02  mask  in  selective  etching  experiments  dis¬ 
cussed  later  in  Fig.  7  indicate  that  surface  migration 
of  AsBr^  and/or  Br^  molecules  is  in  the  order  of 
several  100  nm  at  temperatures  above  600°C. 

Fig.  6  shows  RHEED  intensity  oscillations  during 
GaAs  growth  and  etching.  Within  the  time  range 
marked  as  ‘AsBrg  etching’  AsBr3  molecules  are 
supplied  in  addition  to  the  Ga  and  As 4  fluxes  for 
GaAs  growth.  That  means,  growth  and  etching  are 
performed  at  the  same  time  such  that  the  net  growth 
rate  is  reduced  from  about  0.7  monolayers  (ML)/s  to 
about  0.47  ML/s  as  indicated  in  the  power  spectrum 
shown  in  the  inset  of  Fig.  6.  The  well  separated 
sharp  peaks  for  growth  and  growth  plus  etching 
indicate  fast  switching  and  quite  constant  etching 
rate  within  a  few  seconds  after  the  AsBr3  flux  is 


Fig.  6.  RHEED  intensity  oscillations  during  growth  and  etching 
of  GaAs  (100).  The  substrate  temperature  was  =  600°C.  During 
the  period  where  AsBrj  molecules  are  supplied  in  addition  to  the 
Ga  and  AS4  flux  the  growth  rate  is  reduced  as  shown  by  the 
extended  periodicity.  This  is  quantitatively  depicted  in  the  Fourier 
transform  spectra  in  the  inset.  The  well  separated  sharp  peaks  for 
growth  and  growth  plus  etching  indicate  fast  switching  and 
constant  etching  as  soon  as  the  AsBr3  flux  is  initiated  and 
terminated. 
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initiated.  The  results  in  Fig.  6  together  with  earlier 
RHEED  studies  presented  in  Ref.  [21]  demonstrate 
the  possibility  of  this  technique  to  switch  between 
growth  and  etching  and  vice  versa  within  seconds. 
The  continuous  reduction  of  the  period  length  after 
the  region  from  growth  plus  etching  to  nominally 
pure  growth  in  Fig.  6  indicates  that  it  takes  about 
5-10  s  before  the  etching  is  reduced  down  to 
detectable  limits.  It  turns  out  that  it  takes  a  few 
seconds  to  pump  away  all  the  AsBr^  which  is  left  in 
the  injector  and  the  chamber  to  finally  stop  the 
etching  process. 

A  possible  application  of  this  etching  technique 


combined  with  epitaxial  growth  is  to  use  the  pro¬ 
nounced  anisotropy  of  the  process  for  in-situ  surface 
patterning.  Centner  et  al.  demonstrated  the  successful 
preparation  of  buried  layer  laser  diodes  applying 
PCI3  etching  and  epitaxial  regrowth  [29].  The 
combination  of  planar  facet  etching  and  regrowth  in 
a  clean  environment  may  also  allow  to  realize 
quantum  wires  with  improved  width  fluctuations  by 
regrowth  into  sharp  V-grooves.  Fig.  7  shows  a 
schematic  illustration  and  scanning  electron  micro¬ 
scopy  (SEM)  images  of  selective  etching  of  Si02 
stripe  masked  GaAs  (100)  substrates.  The  stripes  are 
oriented  in  the  [010]  direction.  At  low  temperatures 


AsBn 

I  I  I 


GaAs  Substrate 


T=450°C 


T=550°C 


T=620°C 


Fig.  7.  Schematic  illustration  and  SEM  images  of  selective  etching  of  SiO.  stripe  masked  GaAs  (100)  substrate  at  different  substrate 
temperatures.  The  stripes  are  oriented  in  the  [010]  direction.  At  =  620°C  ver>'  flat  {110}  side  facets  with  a  sharp  V-groovc  arc  produced. 
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of  =  450°C  there  is  hardly  any  under-etching  of 
the  Si02  mask  and  the  sidewalls  are  {010}  facets  in 
the  upper  area.  Towards  the  flat  (100)  bottom  still 
relatively  steep  higher  index  facets  appear.  The 
etching  depth  is  about  1  juim  in  all  cases  shown  in 
Fig.  7.  For  =  550*^0  a  clear  undercut  of  the  Si02 
mask  is  observable  and  the  shape  of  the  groove 
develops  already  a  rough  V-like  shape.  At  = 
620°C  very  flat  {110}  45°  side  facets  and  a  sharp 
V-groove  is  achieved.  The  increased  diffusion  length 
of  AsBr^^  and/or  Br^  molecules  causes  enhanced 
under-etching  of  the  mask.  The  GaAs  edge  under¬ 
neath  the  Si02  mask  is  very  sharp  which  is  clearly 
seen  after  removing  the  Si02  mask.  This  is  not  the 
case  for  =  550°C. 

For  higher  substrate  temperatures  the  {110}  planes 
are  obviously  almost  perfectly  planarized  during  the 
etching  process.  The  {110}  planes  etch  slower  than 
the  other  facets.  This  is  also  observed  for  Si02  mask 
orientation  along  the  [01-1]  direction  where  we 
observe  very  flat  90°  facets  which  are  again  {110} 
planes  [32]. 

4.  Conclusions 

It  was  demonstrated  that  island  formation  in 
strained  layer  heteroepitaxy  allows  the  preparation  of 
10  nm  size  lateral  structures  without  lithography  in 
MBE.  This  concept  is  applied  for  quantum  dot  laser 
diodes.  Lasing  of  a  3-fold  InP  dot  stack  within  a 
GaInP/AlInP  separate  confinement  heterostructure 
laser  diode  grown  on  GaAs  substrate  is  observed  up 
to  -  30°C.  Significant  improvement  of  the  PL 
linewidth  and  intensity  is  expected  after  systematic 
optimization  of  growth  conditions. 

We  demonstrated  that  atomic  layer  precise  etching 
in  solid  source  MBE  with  AsBr3  is  a  useful  tech¬ 
nique  for  in- situ  surface  patterning.  Selective  etching 
of  Si02  masked  GaAs  (100)  substrates  with  the 
stripes  aligned  along  the  [100]  direction  provides 
very  sharp  V-grooves  with  almost  perfectly  planar 
{110}  facets.  MBE  regrowth  of  in-situ  prepared  V- 
grooves  allows  the  preparation  of  buried  layers  and/ 
or  completely  embedded  quantum  wires. 

The  results  demonstrate  that  the  AsBr3  etching  is 
compatible  with  MBE  growth.  The  switching  be¬ 
tween  growth,  etching  and  regrowth  is  possible 


within  seconds.  Three  years  experience  with  in-situ 
etching  in  our  system  did  not  cause  any  degeneracy 
of  the  sample  quality.  It  is  a  clean  process  and  does 
not  introduce  non-radiative  recombination  centers 
into  the  layers  even  when  the  etching  step  is 
introduced  directly  within  the  active  layer  of  the 
sample. 
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Abstract 

The  tip  of  a  scanning  tunnelling  microscope  (STM)  has  been  used  to  deposit  nanometer-sized  clusters  of  copper  or  silver 
on  bare  and  thiol-covered  gold  electrode  surfaces  at  predetermined  positions.  First,  metal  is  deposited  electrochemically  onto 
the  STM  tip,  then  the  clusters  are  formed  by  a  jump-to-contact  between  the  tip  and  the  substrate  during  a  short  and  very 
controlled  approach  of  the  tip  towards  the  surface.  When  Ni  is  deposited  onto  the  tip,  the  jump-to-contact  occurs  in  the 
opposite  direction  leaving  holes  in  the  gold  surface.  The  stability  of  the  metal  clusters  against  anodic  dissolution  is  discussed. 
Finally,  it  is  shown  how  the  tip  approach  can  be  used  to  determine  tunnel  barriers  at  the  metal-electrolyte  interface. 
©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Clusters;  Electrochemical  nanostructuring;  SAM;  STM;  Tunnel  barrier 


1.  Introduction 

The  past  few  years  have  witnessed  the  tremendous 
success  of  scanning  tunnelling  microscopy  (STM) 
not  only  as  a  technique  to  image  surfaces  in  real 
space  and  with  atomic-scale  resolution,  but  also  as  a 
tool  for  positioning  single  atoms  and  molecules  on 
surfaces  with  an  hitherto  unprecedented  precision. 
The  tip- substrate  interaction  at  close  distances  (say, 
of  the  order  of  an  atomic  diameter),  which  generally 
is  a  much  feared  problem  in  surface  imaging  as  it 
may  give  rise  to  artefacts,  has  been  successfully 
employed  to  manipulate  single  atoms  or  molecules 
with  the  tip.  Impressive  examples  of  this  kind  of 
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nanostructuring  have  been  given  by  several  groups 
working  under  ultrahigh  vacuum  conditions  (UHV) 
and  mainly  at  low  temperatures  [1-5];  among  them 
is  Don  Eigler’s  famous  quantum  corral,  which 
consists  of  48  Fe  atoms  arranged  with  the  tip  of  an 
STM  in  a  circle  on  a  Cu(lll)  surface  [6]. 

The  nanostructuring  of  electrode  surfaces,  primari¬ 
ly  of  noble-metal  or  graphite  surfaces  in  contact  with 
an  aqueous  solution,  started  soon  after  the  corre¬ 
sponding  work  in  UHV,  although  the  tip-generated 
entities  were  clearly  larger  than  individual  atoms. 
Structures  from  single  atoms  would  not  have  been 
stable  enough  to  survive  in  an  electrochemical 
environment  at  room  temperature.  The  most  common 
approach  to  an  electrochemical  nanostructuring  of 
surfaces  was  to  create  surface  defects  by  the  tip, 
which  then  acted  as  nucleation  centers  for  the  metal 
deposition  at  preselected  positions  [7-9].  This  was 
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done  by  applying  high-voltage  pulses  (1.5-6  V)  for 
a  short  ((xs)  or  ultrashort  (ns)  time  between  tip  and 
sample  that  leads  to  the  formation  of  holes  in  the 
surface  by  either  mechanical  contact  or  some  sort  of 
sputtering  process.  Metal  deposition  from  solution 
was  subsequently  observed  at  the  tip-induced  de¬ 
fects.  Quite  recently,  metal  clusters  were  shown  to  be 
positioned  at  will  on  metal  and  semiconductor 
surfaces  by  a  two-step  process  that  involves  metal 
deposition  from  solution  onto  the  tip,  followed  by  a 
burst-like  dissolution  and  redeposition  on  the  sample 
right  underneath  the  tip  [10,1 1].  Over  the  last  several 
years  our  group  has  developed  yet  another  technique, 
by  which  flat  electrode  surfaces  can  be  decorated 
with  small  metal  clusters  via  a  tip-induced  deposition 
that  leaves  the  sample  surfaces  undamaged  [12-16]. 

In  the  following,  we  will  briefly  reiterate  the 
principles  of  our  method  and  show  some  examples  of 
Cu  clusters  on  bare  and  thiol-covered  Au(lll), 
before  results  on  a  new  system,  namely  Ag  clusters 
on  Au(lll),  are  presented.  Like  in  the  case  of  Cu 
clusters,  a  surprisingly  high  stability  of  the  small  Ag 
clusters  on  gold  against  anodic  dissolution  is  found. 
Finally  it  is  shown  what  happens  to  a  gold  surface 
during  the  tip  approach,  if  a  metal  with  high  cohe¬ 
sive  energy  like  Ni  has  been  deposited  onto  the  tip. 

2.  Experimental 

The  experimental  set-up  for  nanostructuring  a  gold 
surface  with  metal  clusters  has  been  described  in 
previous  publications  [13-16].  For  the  sake  of 
convenience,  however,  the  most  pertinent  data  are 
briefly  repeated  here.  For  nanodecoration  and  surface 
imaging  a  PicoSPM  (Molecular  Imaging,  Tempe, 
USA)  was  used  with  separate  control  of  tip  and 
sample  potential  by  a  bipotentiostat.  The  tip  ap¬ 
proach,  during  which  the  transfer  of  metal  from  the 
tip  to  the  substrate  occurs,  was  enforced  by  applying 
a  voltage  pulse  directly  onto  the  z-piezo.  Actually, 
tip  approach  as  well  as  tip  movement  in  x-  and 
y-direction  during  nanostructuring  was  externally 
controlled  by  a  microprocessor  which  makes  the 
cluster  formation  and  the  surface  decoration  a  fully 
automated  process. 

STM  tips  were  made  from  a  0.25 -mm  diameter 
Pt/Ir  (80:20)  wire  that  was  etched  in  a  lamella  of  3.4 


M  NaCN.  The  tips  were  coated  either  with  Apiezon 
wax  [17,18]  or  with  an  electrodeposition  paint  [19] 
to  reduce  the  area  in  contact  with  the  electrolyte 
down  to  about  10”^  cm“.  Consequently,  Faradaic 
currents  at  the  tip /electrolyte  interface  were  typically 
below  50  pA  and  thus,  sufficiently  lower  than  our 
tunnel  currents  which  were  usually  around  2  nA.  All 
STM  images  were  obtained  in  the  constant-current 
mode.  They  are  unfiltered,  but  corrected  for  any  tilt 
of  the  sample  surface. 

The  samples  were  either  Au(l  1 1)  films  on  glass  or 
a  massive  Au(  111)  crystal.  Both  types  of  electrodes 
were  flame-annealed  at  yellow  heat  in  a  H^-flame 
[20,21]  and  cooled  down  to  room  temperature  in  a 
nitrogen  atmosphere  prior  to  each  experiment.  The 
ethanethiol-covered  Au(  111)  surface  was  obtained 
by  immersing  the  Au(  111)  film  electrode  overnight 
in  a  1  mM  ethanolic  solution  of  ethanethiol  where  a 
so-called  self-assembled  monolayer  (SAM)  is 
spontaneously  formed  [22].  The  reference  electrodes 
were  simply  a  Cu  or  a  Ft  wire  for  Cu  deposition, 
Hg/Hg^SO^  for  Ag  deposition  and  a  Pt  wire  for  Ni 
deposition.  The  solutions  were  0.05  M  H^SO^  with 
0.1  or  1  mM  CUSO4  and  Ag.SO^  for  Cu  and  Ag 
deposition,  respectively,  and  0.01  M  H3BO3  +  O.2 
mM  HCl  +  1  mM  NiSO^  (Watts  bath)  for  Ni  deposi¬ 
tion,  made  of  Merck  suprapur  chemicals  except  for 
CUSO4,  and  NiS04,  which  were  of  p.a. 

quality.  In  the  case  of  Cu  and  Ag  deposition, 
potentials  are  quoted  against  the  reversible  Me/Me'  ^ 
potential  in  that  solution,  in  the  case  of  Ni,  all 
potentials  are  quoted  against  SCE. 

3.  Results  and  discussion 

3.L  Cu  dusters  on  Au(lll) 

The  proposed  mechanism  for  the  tip-induced 
cluster  formation  is  sketched  in  Fig.  1,  highlighting 
the  two  requirements  that  have  to  be  fulfilled: 

(i)  First,  metal  has  to  be  deposited  onto  the  tip, 
which  is  achieved  by  simply  choosing  a  tip 
potential  negative  of  the  corresponding  bulk  metal 
deposition  potential. 

(ii)  Secondly,  the  metal-loaded  tip  has  to  ap¬ 
proach  the  surface  for  a  short  period  of  time. 
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/ 

substrate  surface 


Fig.  1.  Schematic  diagram  of  the  tip-induced  cluster  formation. 


during  which  a  so-called  jump-to-contact  [23,24] 
occurs. 

The  resulting  connective  neck  breaks  upon  the 
subsequent  retreat  of  the  tip  leaving  a  small  metal 
cluster  on  the  surface.  We  stress  the  point  that  the 
direction  of  the  material  transfer  will  depend  on  the 


cohesive  energies  of  both  sides,  and  for  Ni  and 
Au(ll  1)  it  is  opposite  to  the  Cu  case  (see  Section  3.4 
and  Ref.  [24]).  As  has  been  shown  before,  the 
externally  enforced  tip  approach  allows  the  fast 
generation  of  Cu  clusters  with  a  remarkably  uniform 
size  distribution.  In  Fig.  2a  an  array  of  225  Cu 
clusters  is  shown,  all  about  0.6  nm  high,  which  was 


a) 


i  t  «  «  f  =  » 


*  *  *  » 

#  ♦  ♦ 

,  .  i  I 

*  ♦  »  ♦ 


*#«♦*«  **j|#*^ 


197xl97nm2 


197xl97nm2 


Fig.  2.  (a)  STM  image  of  an  array  of  225  Cu  clusters  on  Au(ill)  in  0.05  M  H^SO^  +  0.1  mM  CUSO4  generated  by  225  voltage  pulses  to 
the  z-piezo.  The  Cu  clusters  are  placed  on  a  Cu-monolayer-covered  Au(l  1 1)  surface  due  to  underpotential  deposition.  =  +  10  mV  vs. 

Cu/Cu’^’^,  E,ip  =  -  30  mV,  /(  =  2  nA.  (b)  Same  area,  but  after  anodic  dissolution  of  the  Cu  clusters  at  +  300  mV. 
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accomplished  within  30  s.  Besides  the  remarkably 
uniform  cluster  height,  several  points  are  noteworthy. 
The  clusters  were  generated  with  2-ms  voltage  pulses 
to  the  z-piezo  with  a  repetition  rate  of  120  Hz.  With 
a  minimum  pulse  duration  of  0.1  ms  as  determined 
in  earlier  experiments  [25],  a  much  higher  cluster 
deposition  rate,  e.g.  in  the  kHz  range,  seems  feasible. 
Furthermore  we  note  from  Fig.  2a  that  monoatomic 
high  steps  of  the  substrate  cause  no  problems  for  the 
preselected  cluster  patterning,  suggesting  that  nanos¬ 
tructuring  of  slightly  rough  surfaces  by  our  technique 
may  still  work.  Despite  the  fabrication  of  many  Cu 
clusters  in  quick  succession  (the  largest  array  so  far 
consisted  of  10  000  Cu  clusters  [26]),  there  is  no 
sign  of  depletion  of  Cu  on  the  tip.  The  re-filling  of 
the  tip  during  the  cluster  fabrication  by  an  on-going 
deposition  reaction  at  the  tip  is  surprisingly  fast  and 
—  quite  importantly  —  retains  the  high  imaging 
quality  of  the  tip.  Hence,  ‘writing’  and  ‘reading’  are 
possible  with  the  same  tip.  Anodic  dissolution  of  the 
Cu  clusters  uncovers  a  perfectly  flat  Au(  1 1 1 )  surface 
(Fig.  2b),  a  fact  that  supports  our  statement  of  an 
undamaged  surface  and  that  we  are  not  dealing  with 
tip-induced  defects  in  the  substrate.  In  other  words,  a 
tip-induced  nanostructure  can  be  completely  erased. 
Finally,  the  stability  of  the  Cu  clusters  against  anodic 
dissolution  is  remarkable  [11,14,27].  Studies  have 
shown  that  the  Cu  nanoclusters  are  stable  at  +10 
mV  vs.  Cu/Cu^^  for  at  least  1  h  and  considerable 
‘overpotentials’  of  +100  mV  and  more  are  required 
to  dissolve  the  tip-induced  Cu  clusters  completely 
within  minutes.  Similar  findings  will  be  reported  in 
Section  3.3  for  Ag  clusters  on  gold.  The  origin  of 
this  unusual  electrochemical  stability  of  the 
nanofabricated  clusters  has  been  explained  on  the 
basis  of  a  quantum-size  effect  [27]. 

As  mentioned  before,  all  three  spatial  coordinates 
of  the  tip  can  be  externally  controlled  by  a  micro¬ 
processor,  which  makes  the  nanodecoration  of  an 
electrode  surface  with  metal  clusters  a  fully-auto¬ 
mated  process,  allowing  even  complex  patterns  to  be 
made  fast  and  reproducible.  Fig.  3  shows  a  pattern 
made  of  about  400  Cu  clusters  on  Au(lll)  with  the 
clusters  an'anged  in  a  rhombic  fashion.  The  clusters 
are  sitting  on  quite  a  stepped  Au(  111)  surface,  which 
is  covered  by  a  monolayer  of  Cu  due  to  underpoten¬ 
tial  deposition  (upd)  at  £^siimpie  “  ^ 


Cu“^.  Other,  more  complicated  structures  such  as 
letters  and  words,  have  been  shown  in  previous 
publications  [16]. 

The  Cu  clusters  presented  so  far  were  all  formed 
directly  by  the  jump-to-contact  during  tip  approach. 
Their  height  can  be  varied  within  certain  limits  by 
the  extent  of  the  approach,  typically  within  0.3- 1.2 
nm  (i.e.  from  one  to  about  five  Cu  monolayers) 
[13-15].  In  certain  instances,  however,  somewhat 
larger  clusters  are  desirable,  e.g.  when  dealing  with 
magnetic  metals.  In  such  a  case,  the  tip-induced 
metal  clusters  can  be  used  as  nucleation  centers  to 
grow  larger  ones  at  predetermined  positions  by 
normal  deposition  from  solution.  In  Fig.  4  a  so-called 
jc  - 1  scan  is  shown,  where  a  single  scan  in  the 
jc-direction  is  repeatedly  recorded  (y  =  constant)  and 
plotted  as  a  function  of  time.  Thus  the  development 
of  a  certain  structural  feature  with  time,  like  the 
growth  of  an  individual  cluster,  can  be  monitored  in 
great  detail.  The  image  in  Fig.  4  shows  the  growth  of 
a  tip-generated  Cu  cluster  after  the  potential  was 
stepped  from  +  10  mV  vs.  Cu/Cu^^  to  -  280  mV 
vs.  Cu/Cu^^,  It  can  be  clearly  seen  that  the  tip¬ 
generated  cluster  first  grows  mainly  laterally,  before 
several  new  layers  nucleate  on  top  of  the  cluster. 
Within  the  time  span  covered  in  Fig.  4,  a  total  of 
eight  Cu  monolayers  is  seen  to  nucleate  and  grow  on 
the  tip-induced  cluster,  expanding  the  latter  to  a 
formidable  size. 

3.2.  Cu  clusters  on  thiol-covered  Au(lll) 

An  important  question  to  be  addressed  in  the  near 
future  is  the  influence  of  a  chemical  surface  modi¬ 
fication  on  the  tip-substrate  interaction  in  general 
and  on  the  jump-to-contact  behaviour  in  particular. 
Self-assembled  monolayers  (SAM)  of  alkanethiols 
on  Au(l  11)  are  among  the  most  popular  systems  for 
surface  chemical  modifications,  because  well-ordered 
and  stable  adlayers  are  conveniently  achieved  simply 
by  dipping  the  sample  for  a  prolonged  period  of  time 
in  an  ethanolic  solution  of  the  thiol  under  considera¬ 
tion.  Since  our  group  has  recently  finished  an 
extended  investigation  on  the  structure  of  ethanethiol 
on  Au(l  1 1)  [22],  we  used  this  system  to  test  whether 
tip-generated  Cu  clusters  can  be  placed  on  such 
surfaces.  Fig.  5  demonstrates  that  this  is  indeed 
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Fig.  3.  STM  image  of  about  400  Cu  dusters  on  Au(in)  in  0.05  M  H^SO^  +  1  mM  CuSO^.  =  +  10  mV  vs.  Cu/Cu^^,  =  -  30 
mV,  7,  =  2  nA. 


possible.  A  square  array  of  25  Cu  clusters  with 
heights  between  0.7  and  1,1  nm  was  generated  by  25 
externally  enforced  tip  approaches.  It  was  recently 
shown  in  our  group  that  at  a  potential  of  +10  mV 
vs.  Cu/Cu'^'^  which  is  required  to  keep  the  Cu 
clusters  on  the  surface  for  a  longer  period  of  time, 
the  ethanethiol  SAM  is  in  a  disordered  state  with 
small  ethanethiol  islands  on  top  of  it  [22].  These 
islands  are  clearly  seen  in  Fig.  5  as  grey,  0.2  nm  high 
blobs  scattered  all  over  the  surface.  Anodic  dissolu¬ 
tion  of  the  Cu  clusters  left  a  Au(l  1 1)  surface  with  an 
intact  SAM.  Because  of  the  structural  transition  of 
the  ordered  SAM  at  about  200  mV  vs.  Cu/Cu^^  into 
a  disordered  state,  which  prevails  at  potentials  closer 
to  the  Cu/Cu'^'^  Nemst  potential,  we  are  presently 
not  able  to  characterize  on  a  molecular  level  the 
SAM  structure  onto  which  the  Cu  clusters  are 
placed.  However,  it  is  reasonable  to  assume  that  the 


disordered  state  is  less  densely  packed  with 
ethanethiol  molecules  than  the  ordered  state,  the 
molecularly  resolved  STM  images  of  which  clearly 
reveal  structures  with  a  maximum  coverage  of  about 
one-third  monolayer.  It  thus  appears  that  Cu  atoms  at 
the  tip  can  still  interact  with  a  sufficiently  large 
number  of  bare  gold  atoms  to  allow  a  jump-to- 
contact  to  occur. 

We  note  in  passing  that  very  similar  arrays  of  Cu 
clusters  were  also  produced  with  octadecanethiol- 
covered  Au(lll)  electrodes  [28].  The  fact  that  the 
alkane  chain  length  apparently  has  no  major  in¬ 
fluence  on  the  cluster  generation  process  seems 
understandable  in  view  of  the  close  proximity  of  tip 
and  substrate:  under  the  experimental  conditions 
which  we  have  chosen,  the  tip  is  ploughing  through 
the  alkane  chains  of  the  thiol  monolayer  rather  than 
scanning  above  it. 
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Fig.  4.  STM  image  (a:  -  r-scan)  of  a  growing  Cu  cluster  after  stepping  the  potential  from  +  10  mV  to  -  280  mV  vs.  Cu/Cu  '  '  (at  t  =  2.5  s). 
=  -  30  mV,  7,  =  2  nA.  Electrolyte:  0.05  M  H.SO,  +  0.1  mM  CuSO,. 


3.3.  Ag  clusters  on  Au(lll) 

Ag  deposition  on  Au(l  1 1)  starts  at  underpotentials 
like  in  the  case  of  Cu  [29,30].  Hence,  the  jump-to- 
contact  occurs  between  bulk  Ag  on  the  tip  and  a  Ag 
monolayer  on  Au(lll),  and  the  tip-generated  Ag 
clusters  are  placed  on  the  upd  layer  of  Ag  on 
Au(lll).  The  successful  decoration  with  Ag  nano¬ 
clusters  of  a  Au(  111)  electrode  at  +0.1  V  vs. 
Ag/Ag"^,  where  the  surface  is  covered  by  a  mono- 
layer  of  Ag  [30],  is  demonstrated  in  Fig.  6,  which 
shows  the  STM  image  of  a  square  array  of  25  Ag 
clusters.  A  series  of  experiments  has  revealed  that 
the  reproducibility  of  the  cluster  generation  process 
is  by  far  not  as  good  as  for  Cu  on  gold.  This  is 
particularly  true  for  the  cluster  height  which  varies  in 
Fig.  6  between  0.3  and  1.1  nm. 

Like  in  the  case  of  Cu  on  Au(l  1 1)  [14,27],  the  Ag 
clusters  are  surprisingly  stable  against  anodic  disso¬ 
lution.  Fig.  7  summarizes  the  results  of  a  series  of 
experiments,  in  which  the  heights  of  individual 
clusters  were  measured  at  certain  time  intervals  for 
three  different  electrode  potentials.  We  note  that  at  a 
potential  of  +  50  mV  vs.  Ag/Ag^  the  clusters  are 
stable  over  several  minutes  and  even  for  ‘overpoten¬ 
tials’  as  high  as  200  mV,  the  Ag  clusters  do  not 


dissolve  momentarily.  The  reason  for  this  unusually 
high  stability  was  explained  in  a  recent  publication 
[27]. 

3. 4.  The  NilAu(1 1 1)  system 

In  an  attempt  to  decorate  a  gold  surface  with 
nanoclusters  of  a  magnetic  metal,  Ni  was  deposited 
onto  the  Pt/Ir  tip  in  a  so-called  Watts  bath.  The  latter 
is  a  commonly  used  electrolyte  for  Ni  plating. 
However,  after  various  externally  enforced  ap¬ 
proaches  of  the  Ni-coated  STM  tip  only  holes  in  the 
Au(  Ill)  surface  were  seen,  but  no  Ni  clusters  (Fig. 
8a).  This  observation  is  in  full  agreement  with  the 
theoretical  predictions  of  Landman  et  al.  [23,24], 
who  performed  calculations  for  the  interaction  be¬ 
tween  a  Ni  tip  and  a  Au  surface,  and  found  a 
jump-to-contact  from  the  gold  to  the  nickel.  This  is 
schematically  shown  in  Fig.  8c,  illustrating  the  hole 
formation  in  the  gold  surface  due  to  gold  atoms 
jumping  to  the  tip. 

The  STM  image  in  Fig.  8a  reveals  that  the  hole 
production  is  rather  erratic  and  works  only  a  few 
times,  since  the  tip  was  approached  25  times  towards 
the  surface.  This  may  be  explained  by  the  fact  that 
with  the  first  jump-to-contact  the  Ni  tip  is  trans- 
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approach  transfer 
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Fig.  8.  (a)  STM  image  of  a  Au(lll)  electrode  in  1  mM  NiSO^  +  10  mM  H^BO^  +  0.2  mM  HCI,  showing  the  hole  formation  with  a 
Ni-covered  Pt-Ir  tip.  The  five  lines  in  the  upper  part  of  the  image  reflect  the  pulses  on  the  z-piezo  (five  pulses  per  line).  =  -  320  mV 

vs.  SCE,  =  -  470  mV,  /,  =  2  nA.  (b)  Same  area,  imaged  1  min  later.  £  =  -  320  mV  vs.  SCE,  -  -  470  mV,  /,  =  2  nA.  (c) 

Suggested  mechanism  of  the  hole  formation  in  the  Au(lll)  substrate  during  the  approach  of  a  Ni-covered  STM  tip. 


formed  into  a  gold-covered  tip.  The  image  in  Fig.  8b 
was  recorded  1  min  after  the  hole  production  and 
after  image  (a)  and  it  demonstrates  the  relatively  high 
mobility  of  the  advacancy  islands  on  gold  which 
causes  these  holes  to  migrate  to  step  edges  or  to 
merge  with  each  other.  We  may  briefly  mention  here, 
that  preliminary  experiments  with  Co^^  containing 
electrolytes  led  to  a  tip-induced  Co  cluster  formation 
on  Au(lll),  although  the  production  was  very 
irregular.  This  system  is  currently  under  investiga¬ 
tion. 


J.5.  Determination  of  tunnel  barriers 

The  externally  enforced  tip  approach  for  cluster 
fabrication  can  also  be  employed  to  determine  rather 
precisely  tunnel  barriers  at  the  metal -electrolyte 
interface.  This  has  been  demonstrated  for  Cu  and 
Au(l  1 1)  [26],  where  a  barrier  height  of  <Pj  =  1.5  eV 
was  found.  In  Fig.  9  the  logarithmic  dependence  of 
the  momentarily  flowing  tunnel  current  as  a 
function  of  the  tip  approach  Az  is  shown.  The  latter 
can  be  converted  from  mV  to  nm  by  the  conversion 
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Fig.  9.  Determination  of  the  tunnel  barrier  height  from  measurements  of  the  tunnel  current  /,  as  a  function  of  the  tip  approach  Az,  which 
was  externally  enforced  by  applying  a  voltage  pulse  to  the  z-piezo.  Each  data  point  is  the  average  of  five  pulses.  The  error  bars  represent  the 
S.D.  for  these  five  pulses. 


factor  given  for  this  instrument  by  the  manufacturer. 
During  this  type  of  measurement,  the  feed-back 
circuit  of  the  STM  is  almost  completely  switched  off 
(integral  and  proportional  gain  were  0.03  and  0, 
respectively,  as  compared  to  1.5  and  2.0  for  typical 
imaging  conditions).  The  data  points  in  Fig.  9  were 
obtained  by  applying  voltage  pulses  of  various 
heights  and  20  ms  duration  onto  the  z-piezo.  Plotting 
the  height  of  the  resulting  tunnel  current  as  a 
function  of  distance  change  Az  for  each  tip  approach, 
yields  an  exponential  dependence  over  a  wide  range. 
From  the  slope  of  the  straight  line  in  Fig.  9,  a  tunnel 
barrier  of  1.0±0.2  eV  was  determined  for  tunnelling 
from  the  tip  to  the  substrate  in  0.05  M  H2SO4  +  1 
mM  Ag2S04.  The  potential  of  the  Au(lll)  substrate 
was  held  at  +  0.25  V  vs.  Ag/Ag^,  that  of  the  tip  at 
+  100  mV  vs.  Ag/Ag^.  Under  such  conditions  the 
Au(lll)  surface  is  covered  by  a  monolayer  of  Ag 
[30]. 

Although  the  literature  data  for  tunnel  barriers  in 
metal  electrode-aqueous  solution  systems  scatter 
widely,  the  values  ranging  from  0.2  [31,32]  up  to  3.8 
eV  [33],  there  seems  to  be  a  general  agreement  that 
the  more  recently  published  data  which  all  jump 
between  1.0  and  1.5  eV  [34,35],  seem  to  be  the  most 
reliable  ones.  Hence,  both  values  for  the  tunnel 
barrier  determined  by  our  method,  1.5  eV  [26]  for  Cu 


and  1.0  eV  in  the  case  of  Ag,  appear  to  be  in  the 
correct  range  of  data. 
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Abstract 

This  paper  reviews  different  thin-film  deposition  methods  for  oxides,  especially  for  stabilized  zirconia  and  compares  them 
with  regard  to  SOFC  applications.  These  methods  will  be  classified  into  chemical,  physical  methods  and  ceramic  powder 
processes.  Each  method  is  described  with  its  special  technical  features  and  examples  of  components  for  fuel  cells  are  given. 
PVD  and  CVD  methods  are  specially  suited  to  depositing  high-quality  films  of  simple  chemical  compositions.  Liquid  droplet 
methods  and  ceramic  powder  processes  are  more  qualified  for  the  deposition  of  complicated  chemical  compositions. 
©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SOFC;  Thin  films;  Zirconia;  PVD;  CVD;  Liquid  precursor  methods 


1.  Introduction 

Yttria-stabilized  zirconia  (YSZ)  is  the  most  com¬ 
monly  used  electrolyte  material  for  Solid  Oxide  Fuel 
Cells  (SOFCs)  because  of  its  unique  combination  of 
properties  such  as  high  chemical  and  thermal  stabili¬ 
ty  and  pure  ionic  conductivity  over  a  wide  range  of 
conditions.  As  a  result,  YSZ  today  is  still  the 
standard  electrolyte  material  in  SOFCs.  Due  to  the 
high  operational  temperatures  (900-1000°C)  the 
material  demands  upon  SOFC  components  are  quite 
stringent.  It  would  be  desirable  to  lower  the  opera¬ 
tional  temperatures  (to  700-800°C)  so  that  inter¬ 
connect,  heat  exchangers,  and  structural  components 
may  be  fabricated  from  relatively  inexpensive  metal 
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components  [1-6].  One  problem  associated  with 
lowering  the  temperature  is  the  increase  of  the  YSZ 
electrolyte  resistivity.  This  can  be  overcome  by 
lowering  the  electrolyte  resistance  either  by  decreas¬ 
ing  the  electrolyte  thickness  or  with  alternative 
materials  of  higher  ionic  conductivity  at  lower 
temperatures  (e.g.  Sc-doped  zirconia,  ceria  solid 
solutions,  doped  bismuth  oxide,  etc.).  In  addition,  for 
both  strategies  reduced  electrode /electrolyte  interfa¬ 
cial  losses  are  beneficial. 

If  the  electrolyte  thickness  is  reduced  from  today’s 
100-200  to  a  5-10  p.m  range  a  new  design  for 
the  electrode /electrolyte  structure  is  needed.  As  the 
thin  electrolyte  can  no  longer  be  the  mechanically 
supporting  component,  one  of  the  porous  electrodes 
must  take  over  this  function.  Then  a  thin  electrolyte 
film  may  be  deposited  on  the  electrode  layer  fol¬ 
lowed  by  the  deposition  of  the  other  porous  elec¬ 
trode.  SOFCs  based  on  thin  electrolytes  have  already 
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been  tested  and  exhibited  excellent  electrochemical 
performances  (e.g.  [7-10]). 

We  give  a  survey  of  the  most  commonly  applied 
techniques  for  depositing  thin  electrolyte  films  with 
an  emphasis  on  techniques,  which  are  already  used 
for  SOFC  processing.  Most  of  the  examples  are  for 
yttria-stabilized  zirconia  but  are  equally  applicable  to 
other  oxide  electrolytes. 


2.  Deposition  of  thin  ceramic  films 

2.1.  Chemical  methods 

2.1.1.  Chemical  vapor  deposition  techniques 

2. 1.1.1.  General 

There  are  two  main  chemical  deposition  tech¬ 
niques  such  as  Chemical  Vapor  Deposition  (CVD) 
and  Electrochemical  Vapor  Deposition  (EVD).  Re¬ 
cently  few  related  methods  are  also  proposed  and 
applied.  These  methods  make  it  possible  to  control 
chemical  composition  and  to  form  a  dense  film.  They 
are  also  known  to  be  suitable  for  mass  production. 

2. 1.1. 2.  Chemical  vapor  deposition 

CVD  is  a  chemical  process  in  which  one  or  more 
gaseous  precursors  form  a  solid  material  by  means  of 
an  activation  process.  The  reactant  vapors  are  (1) 
transported  to  the  surface  of  a  substrate  and  (2) 
adsorbed  on  the  substrate  surface  where  (3)  the 


chemical  reaction  leads  to  a  solid  product  for  (4) 
crystal  growth. 

CVD  has  been  widely  used  for  fabricating  micro¬ 
electronics.  Therefore  the  underlying  processes  are 
well  understood.  Recently  several  modifications, 
which  might  become  important  for  fabricating  SOFC 
components,  have  been  developed.  Halogen  com¬ 
pounds  such  as  ZrCl4  and  YCI3  [11,12],  metal 
organic  compounds  such  as  metal  alkoxides  [13-15] 
or  p-diketones  ([16]  and  references  therein)  have 
been  used  as  precursor  materials.  Growth  rates  of  the 
film  thickness  are  in  the  range  of  1-10  ixmh’"', 
depending  on  the  evaporation  rate  and  substrate 
temperature. 

A  schematic  diagram  of  a  typical  CVD  apparatus 
is  shown  in  Fig.  1.  Typically  fused-silica  glass  is 
used  as  the  substrate  material  which  is  heated  to 
deposition  temperatures  of  600-1200°C  depending 
on  the  reactivity  of  the  precursors. 

Chour  et  al.  [15]  used  butanol  containing  Zr-  and 
Y-ions  as  a  precursor  material  and  pressed  and 
sintered  ceria  pellets  as  substrates.  The  precursor  was 
heated  to  150°C  whereas  the  substrate  was  heated  to 
about  850°C.  The  deposition  time  was  4  h  for  a  film 
thickness  of  5  p.m.  After  annealing  at  1300°C  for  10 
h  the  YSZ  phase  in  the  deposited  film  became  fully 
crystalline.  An  Open  Cell  Voltage  (OCV)  of  0.93  V 
at  650°C  was  reported. 

The  advantages  of  the  CVD  technique  consist  of 
producing  uniform,  pure,  reproducible  and  adherent 
films  at  low  or  high  rates.  It  is  particularly  useful  in 
the  deposition  of  coating  in  sites  difficult  to  reach  by 


Vaporizer  A 


Fig.  1.  Schematic  diagram  of  a  CVD  apparatus  for  preparation  of  ZrO,,  Y.O,  and  ZrO,-Y,0,  films  (after  [16]). 
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Other  deposition  techniques.  Disadvantages  are  the 
high  reaction  temperature,  the  presence  of  corrosive 
gases  (at  least  for  halogenous  compounds),  and  the 
relatively  low  deposition  rates  [17], 

2. 1.1.3.  Electrochemical  vapor  deposition 

EVD  is  a  modified  CVD  process,  originally  de¬ 
veloped  by  Westinghouse  [18,19].  In  these  CVD- 
EVD  processes,  a  porous  ceramic  substrate  divides  a 
reactor  into  two  chambers,  of  which  one  is  filled 
with  a  metal  compound  reactant  and  the  other  with 
an  oxygen  source  reactant.  EVD  is  a  two-step 
process.  The  first  step  involves  pore  closure  by  a 
normal  CVD  type  reaction  between  the  reactant 
metal  chloride  vapors  and  water  vapor  (or  oxygen). 
Film  growth  then  proceeds  due  to  the  presence  of  an 
electrochemical  potential  gradient  across  the  depos¬ 
ited  film.  In  this  step  oxygen  ions  formed  on  the 
water  vapor  side  of  the  substrate  diffuse  through  the 
thin  metal  oxide  layer  to  the  metal  chloride  side.  The 
oxygen  ions  react  with  the  metal  chloride  vapors  to 
form  the  metal  oxide  product.  The  solid  product  can 
be  deposited  as  a  thin  film  spreading  over  the 
internal  pore  surface  in  a  desired  region  across  the 
membrane  substrate  [20].  A  schematic  diagram  of 
the  basic  principles  of  the  CVD/EVD  process  is 
given  in  Fig.  2. 

A  single  component  cell,  consisting  of  porous 
YSZ  ceramics  with  an  internally  deposited  dense 
film,  could  be  produced  at  growth  rates  in  the  range 
2.8-52  |xmh~^  [21].  Besides  the  temperature,  the 


morphology  of  the  substrate  pores  and  the  chemical 
parameters  influence  growth  rates.  Detailed  models 
of  the  EVD  process  have  been  proposed  [7,22]. 

Modified  EVD  methods  are  vapor-phase-elec- 
trolytic  deposition  (VED)  [7,23,24],  thermophoresis 
assisted  CVD  (TA-CVD)  [25,26],  a  combination  of 
EVD  and  TA-CVD  and  chemical  aerosol  deposition 
technology  (CADT)  [27]. 

loroi  et  al.  [28]  produced  fully  dense  YSZ  elec¬ 
trolytes  which  were  deposited  on  porous 
LaQ  g5SrQ  i5Mn03  substrates.  They  used  ZrCl4  and 
YCI3  vapor  mixtures  as  the  metal  compound  sources 
and  water  vapor  as  the  oxygen  source.  An  OCV  of 
1.04  V  was  reported  for  a  LaMn03/YSZ/Ni-YSZ 
with  an  EVD  layer  of  YSZ,  indicating  that  there  was 
negligible  gas  leakage  through  the  electrolyte  [29]. 
Cao  et  al.  [30]  obtained  thin  zirconia  layers  on 
porous  alumina  substrates.  ZrCl4  and  YCI3  vapor 
with  a  ratio  of  10:3  were  used.  After  40-50  min 
CVD/EVD  a  gas-tight  YSZ  layer  was  formed  with  a 
thickness  of  0.5- 1.5  p.m  depending  on  the  ex¬ 
perimental  conditions.  The  thickness  of  the  YSZ 
layer  increased  with  the  deposition  temperature,  e.g. 
5  |ULm  at  800°C  and  19  [xm  at  1000°C.  Sasaki  et  al. 
[31]  deposited  18-|xm  thick  YSZ  layers  on  cathode 
tubes.  They  reported  a  power  density  of  0.8  W  cm~^ 
with  an  active  area  of  1200  mm^.  Thin  (2  fxm)  YSZ 
layers  were  deposited  on  pressed  and  sintered  ceria 
substrates  (20  mm  0)  by  Nord-Varhaug  et  al.  [32]. 
They  used  ZrCl4  and  YCI3  metal-chloride  precur¬ 
sors,  The  main  problem  was  cracking  of  the  substrate 
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Fig.  2.  (a)  A  schematic  diagram  of  the  basic  principles  of  the  CVD/EVD  processes,  (b)  Detailed  view  of  the  different  stages  during  the 
CVD/EVD  processes  in  which  the  solid  product  is  mainly  deposited  at  the  chloride  side  (after  [20]). 
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during  heating  at  770-950°C,  which  was  probably 
due  to  the  insufficient  mechanical  strength  of  the 
substrate. 

The  disadvantages  of  the  EVD  process  are  the 
high  reaction  temperature,  the  presence  of  corrosive 
gases,  and  the  relatively  low  deposition  rates.  How¬ 
ever,  EVD  is  a  widely  used  technique  for  depositing 
uniform  and  gas  tight  layers  of  YSZ  and  interconnect 
materials  for  SOFC. 

2. 1.2.  Thin  films  by  the  liquid  precursor  route 

2. 1.2.1.  General 

Starting  from  a  molecular  precursor,  one  obtains  a 
hydroxide  or  oxide  network  via  inorganic  polycon¬ 
densation  reactions.  For  this  reason,  extremely  thin, 
dense,  and  well-defined  films  can  be  produced. 
Purity  and  uniformity  are  also  easy  to  be  controlled 
by  the  solution  chemistry  of  the  sol-gel  process. 

Metal  alkoxides  M(OR)„,  where  R  is  usually  an 
alkyl  group,  are  generally  the  most  versatile  pre¬ 
cursors.  Alkoxides  are  known  for  almost  all  transi¬ 
tion  metals  as  well  as  for  the  rare  earth  metals  [33] 
and  are  very  reactive  towards  a  reagent  such  as 
water.  Up  to  now,  zirconia  films  have  been  prepared 
from  (1)  zirconium  propoxide  [34-38],  (2)  zir¬ 
conium  tetrabutoxide  [39,40],  and  (3)  from  a  hydro¬ 
sol  prepared  from  a  zirconium  oxychloride  solution 

[41]. 

2. 1.2.2.  Sol-gel  route 

Gelling  occurs  through  the  formation  of  a  poly¬ 
meric  network.  Fig.  3  shows  the  two  steps  of 
hydrolysis  and  polymerization  by  condensation 
where  R  is  an  alkyl  group  in  case  of  Me  =  Zr.  The 
desired  amount  of  yttrium  is  achieved  by  addition  of 
yttrium  nitrate  (Y(N03)3“«H20). 

The  resulting  network  structures  are  strongly 
influenced  by  the  respective  kinetics  of  the  reactions, 
which  in  turn  depend  on  many  parameters.  The 
sol-gel  transition  occurs  during  deposition  due  to 
solvent  evaporation  that  accelerates  the  reaction  rates 
among  the  precursor  oligomers.  The  desired  micro¬ 
structure  is  determined  by  the  precursor  reactivity 
and  the  deposition  conditions  [43,44].  The  substrates 
are  coated  either  by  spin-  or  dip-coating  techniques 
[45,46].  Once  coated,  the  samples  are  dried  at  room 
temperature  and  heat  treated  for  densification  and 


OR  OR 

I  I 

(a)  RO-Zr-OR  +  H2O  RO-Zr-OH  +  ROH 
I  1 

OH  OH 


OR  OR 

I  I 

(b)  RO-Zr-OH  +  RO-Zr-OR 

OR  OR 

OR  OR 

-►  RO-Zr-O-Zr-OR  +  ROH 
I  I 
OR  OR 

Fig.  3.  Hydrolysis  reaction  and  polymerization  using  the  con¬ 
densation  mechanism  142]. 

crystallization  of  the  film.  The  process  of  coating  and 
drying /heating  is  usually  repeated  until  the  appro¬ 
priate  thickness  is  obtained.  Sol-gel  derived  films, 
due  to  their  fine  structure  and  high  density,  can  be 
sintered  at  much  lower  temperatures  than  those  films 
made  by  conventional  ceramic  powder  processing. 

Alternatively  the  dilution  of  reactants  can  also 
influence  the  gelling  time  and  finally  the  gel  struc¬ 
ture,  as  expected  from  simple  laws  of  chemical 
kinetics.  YSZ  films  described  by  Kueper  et  al.  [38] 
were  formed  using  a  well-defined  relative  humidity 
during  the  deposition.  They  were  about  0.2  mm  thick 
and  uncracked.  Peshev  et  al.  [36]  showed  that  good- 
quality  YSZ  films  of  120-150  nm  thickness  can  be 
easily  deposited  on  various  smooth  substrates  (Si 
wafer,  sapphire,  optical  silica  glass,  and  alumina) 
using  a  sol-gel  technique  using  zirconium  propoxide 
(Zr(0-C3H7)4)  and  yttrium  isopropoxide 
(Y(CH3)2CH0)  in  isopropanol  with  ethyl  aceto-ace- 
tate  (CH3COCH2CO2C2H5)  as  chelating  agent.  By 
repeating  the  deposition  steps  the  film  thickness  can 
be  increased.  Mehta  et  al.  [47]  deposited  thin  layers 
of  YSZ  with  11  mol.%  Y2O3  on  sintered  disks  of 
Gd-doped  ceria  electrolyte  using  spin  coating  alkox- 
ide  solutions.  Dense  films  were  obtained  by  this 
method  on  polished  ceria  substrates.  After  heat-treat¬ 
ment  at  600°C  the  zirconia  film  thickness  was  1-3 
p.m.  At  600°C  an  OCV  of  0.85  V  was  achieved  after 
repeating  the  coating  process  three  times.  Nam  et  al. 
[48]  used  the  sol-gel  method  combined  with  the 
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Spin-coating  technique  to  fabricate  thin  zirconia 
layers  on  pressed  and  sintered  ceria  electrolytes  with 
a  diameter  up  to  50  mm.  The  polymeric  YSZ  sol  was 
synthesized  using  the  partial  hydrolysis  of  Zi-n- 
butoxide.  Acetic  and  nitric  acid  were  used  as  chelat¬ 
ing  agent  and  catalyst,  respectively.  Thin  films  of 
YSZ  were  deposited  on  the  ceria  substrates  by  spin 
coating  of  the  sol  at  a  spin  rate  of  2000  rpm  for  20  s. 
After  drying,  the  sample  was  heat-treated  at  600°C. 
The  coating,  drying  and  heat  treatment  processes 
were  repeated  until  the  thickness  of  the  coated  film 
reached  2  p.m.  The  sample  was  finally  sintered  at 
1400°C  for  2  h.  Anderson  et  al.  developed  a  solution- 
deposition  technique  [49,50].  The  starting  solution 
was  prepared  from  zirconyl  chloride  hydrate  and 
yttrium  nitrate  hydrate.  A  spin  coating  technique  was 
used  to  form  films  onto  either  LSCF  or  LSM. 
Multiple  coatings  with  drying  and  a  subsequent  heat 
treatment  at  400-1000°C  after  each  coating  produced 
thicker  films.  The  film  thickness  increased  with 
increasing  viscosity  of  the  solution  and  decreasing 
spinning  rate  and  time.  Films  of  0.1 -0.3  p.m  thick¬ 
ness  for  each  coating  could  be  obtained  with  a 
spinning  speeds  of  2000  to  3000  rpm  and  a  viscosity 
between  90  and  190  cp.  Reiichi  et  al.  [51]  produced 
a  composite  electrolyte  consisting  of  a  zirconia  film 
about  1  p,m  thick  deposited  using  the  sol-gel  method 
onto  a  Ni -cermet  substrate.  A  corresponding  cell 
operated  with  moist  H2  and  O2  exhibited  an  OCV  of 
1.0  V  at  800°C. 

2.1. 2.3.  Spray  pyrolysis  method 
A  schematic  diagram  of  a  typical  spray  pyrolysis 
setup  is  shown  in  Fig.  4.  A  metal  salt  solution 


(usually  aqueous  or  alcoholic)  is  sprayed  onto  a  hot 
substrate  to  obtain  the  corresponding  metal  oxide 
films.  Sprayed  droplets  reaching  the  substrate  surface 
undergo  pyrolytic  (endothermic)  decomposition.  The 
substrate  provides  the  thermal  energy  for  the  de¬ 
composition.  A  sufficiently  high  force  applied  to  the 
surface  of  a  liquid  in  the  nozzle  causes  the  emission 
of  droplets.  Three  different  groups  of  atomizers  were 
employed  for  the  generation  of  the  spray:  blast 
(using  a  stream  of  gas  at  high  velocity)  [52], 
ultrasonic  (using  an  ultrasonic  irradiation)  [53,54] 
and  electrostatic  [55]  (using  a  high  voltage).  The 
technique  of  atomization  determines  the  droplet  size 
distribution,  efficiency  and  spray  angle.  The  electro¬ 
static  atomization  technique  leads  to  almost  mono- 
dispersed  drops  and  also  to  finer  droplets  than  can  be 
produced  by  other  techniques.  Overspray  is  reduced 
due  to  the  charged  droplets,  therefore  the  electro¬ 
static  atomization  increases  the  deposition  efficiency. 

Spray  pyrolysis  usually  has  deposition  rates  of 
1-5  (xmh“\  Choy  et  al.  [52]  however,  report 
deposition  rates  of  YSZ  on  porous  LSM  substrates  as 
high  as  60  |xmh“^  Dense  50-p.m  thick  YSZ  films 
were  also  deposited  at  650°C.  Thin  films  of  calcia- 
stabilized  zirconia  (CSZ)  were  deposited  on  a  LSM 
porous  substrate  by  spray  pyrolysis  [56].  The  OCV 
of  the  cell  consisting  of  33-|xm  thick  CSZ  film,  LSM 
cathode,  and  Ni-YSZ  cermet  anode  was  0.96  V  and 
the  maximum  power  density  was  0.5  W  cm”^  at 
lOOO'^C.  Chen  et  al.  [55]  deposited  YSZ  films  on 
GCO  substrates.  Dense  thin  YSZ  layers  of  about  1 
p-m  were  only  found  under  the  several  cracked  and 
porous  top  layers.  Such  composite  electrolyte  struc¬ 
tures  are  interesting  for  intermediate-temperature 


Fig.  4.  A  schematic  diagram  of  a  typical  spray  pyrolysis  setup. 
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Fig.  5.  Cross-section  of  a  YSZ  film  deposited  on  a  porous  Ni- 
cermet  substrate  [57]. 


SOFC,  because  the  YSZ-coated  ceria  electrolytes 
were  found  to  exhibit  a  higher  open-circuit  voltage 
compared  to  uncoated  ceria  [56].  Fig.  5  shows  the 
microstructure  of  a  YSZ  layer  sprayed  on  a  porous 
substrate  [57].  The  zirconia  layer  was  amorphous 
before  heat-treatment.  After  a  treatment  at  600°C 
polycrystalline  YSZ  could  be  obtained. 

2,2.  Physical  methods 

2.2.1.  Thermal  spray  technology 

2.2. 1.1.  General 

Thermal  spraying  is  a  generic  term  for  thick  (100- 
500  |xm)  overlay  processes  in  which  coating  material 
is  heated  in  a  gaseous  medium  and  projected  at  high 
velocity  onto  a  component  surface  [58].  These 
processes  are  probably  less  applicable  to  produce 
thin  electrolytes.  They  may  be  useful  however  for 
the  deposition  of  porous  electrodes  [59]  or  elec¬ 
trolytes  other  than  conventional  YSZ,  e.g.  ceria  or 
bismuth  oxide,  which  show  significant  higher  ionic 
conductivity  at  intermediate  temperatures. 

2.2. 1.2.  Conventional  spray  techniques 

Various  techniques  can  be  used  depending  on 
material  and  desired  coating  performance.  These 
include  flame  spraying  (FS),  air  plasma  spraying 
(APS),  low-pressure  plasma  spraying  (LPPS),  deto¬ 
nation  flame  spraying  (DFS),  electric  arc  spraying 
(EAS),  and  more  recently  high-velocity  oxyfuel 
(HVOF)  spraying.  Common  to  spraying  processes 
are  the  high  temperatures  involved,  the  rapid  quench¬ 


ing  of  the  melted  ceramic  particles  on  the  cold 
substrate  during  deposition,  and  the  thermal  treat¬ 
ments  required  to  improve  the  film  density  (and 
therefore  to  reduce  the  pore  volume).  All  of  them  can 
affect  the  structure  and  modify  the  electrical  prop¬ 
erties  of  sprayed  films  with  respect  to  sintered 
materials.  Commercially  available  Zr02  and  Y2O3 
powders  are  used.  They  are  manufactured  by  con¬ 
ventional  processing  techniques  [60]  such  as  mixing 
grinding,  heating,  and  granulation  [61,62]. 

Scagliotti  et  al.  [63]  produced  plasma-sprayed 
yttria-stabilized  zirconia  films,  which  were  dense, 
with  a  few  large  voids  but  no  open  porosity  after 
high-temperature  ( >  2000  K)  vacuum  sintering  and 
air  annealing.  The  zirconia  films  were  fully  stabilized 
in  the  cubic  phase  with  bulk  conductivity  and  an 
activation  energy  similar  to  those  of  single  crystals 
with  the  same  composition.  Varcalle  et  al.  [60]  found 
that  only  the  powder  feed  rate  and  the  traverse  rate 
were  significant  factors  affecting  the  deposition 
thickness.  The  key  to  maximize  the  economics  of  the 
zirconia  coating  deposition  is  to  optimize  the  powder 
feed  rate  and  the  traverse  rate.  Injection  angle, 
standoff  distance,  traverse  rate  and  secondary  flow 
all  have  a  significant  contribution  to  the  variation  in 
porosity.  Thus,  further  study  concerning  porosity 
should  be  concentrated  on  these  factors.  Arai  et  al. 
[64,65]  sprayed  YSZ  powder  on  porous  electrode 
substrates  consisting  of  LSM  and  Ni-cermet.  The 
substrates  could  endure  the  thermal  shock  during  the 
plasma-spraying  process.  The  films  were  gas-tight, 
but  still  contained  microcracks.  Nicoll  et  al.  [66] 
gave  a  survey  of  the  critical  parameters  involved  in 
VPS  such  as  powder  chemistry  and  morphology. 
Schiller  et  al.  [67]  manufactured  a  multilayer  in  one 
consecutive  spray  process.  They  produced  an  entirely 
plasma  sprayed  PEN  (Positive  electrode /Electrolyte/ 
Negative  electrode)  consisting  of  the  anode,  elec¬ 
trolyte  and  cathode  layer  on  a  Ni  felt.  The  anode, 
electrolyte  and  cathode  layers  had  a  thickness  of  80, 
70  and  100  p.m,  respectively.  By  applying  optimized 
spray  parameters  with  appropriate  torches  and  noz¬ 
zles,  complex  coatings,  such  as  graded  cermet  layers, 
with  a  desired  material  and  porosity  can  be  realized. 
Aihara  et  al.  [68]  plasma- sprayed  YSZ  films  on 
MnO^  pre-coated  lanthanum  manganite  substrates 
which  were  sintered  at  1400°C.  However,  the  thick¬ 
ness  of  the  zirconia  layer  with  100  jjim  is  rather  high 
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and  the  sample  size  (15  mm  0)  is  relatively  small. 
An  OCV  of  1.05  V  was  measured  at  1000°C.  Henne 
[69]  produced  a  whole  PEN  structure  by  vacuum 
plasma  spraying  in  one  consecutive  process.  Ni-felts, 
embedded  in  a  porous  sprayed  Ni-matrix,  served  as 
base  compounds  and  simultaneously  as  anodic  elec¬ 
tric  contacts.  The  next  layer  consists  of  the  Ni/Zr02 
with  gradually  reduced  content  of  Ni  and  decreasing 
porosity  and  pore  size  toward  the  dense  and  gas  tight 
zirconia  layer.  The  Perovskite  layer  was  sprayed  on 
the  zirconia  layer.  Power  densities  of  230  mW  cm~^ 
at  an  operational  temperature  of  9iO°C  could  be 
obtained.  Gruner  [70]  also  used  the  VPS  method  to 
produce  a  complete  PEN-structure  in  a  single  run. 
The  power  density  was  200  mW  cm"^  at  910°C  for 
an  active  area  of  4.5  cm^  with  an  electrolyte 
thickness  of  250  pim. 

2.2.2.  Laser  deposition  techniques 

2.2.2. 1.  General 

Laser  deposition  has  become  a  new  and  important 
technique  for  depositing  thin  films  of  a  variety  of 
materials.  The  ability  to  deposit  almost  any  material, 
preserve  the  stoichiometry  of  multicomponent  com¬ 
pounds  and  to  carry  out  reactive  deposition  has 
finally  been  recognized  and  renewed  the  interest  in 
this  technology  [71].  YZP  (Yttria- stabilized  Zirconia 
Polycrystals)  thin  films  deposited  by  pulsed  laser 


deposition  have  been  known  for  a  couple  of  years, 
since  the  availability  of  high-energy  pulsed  UV 
lasers. 

2.2.2.2.  Pulsed  laser  deposition  (PLD) 

The  basic  set-up  of  a  laser  ablation  equipment  is 
shown  in  Fig.  6.  The  process  involves  a  number  of 
complex  interactions  among  the  process  variables 
such  as  wavelength,  power  density,  background  gas, 
pressure,  target  composition,  substrate-target  dis¬ 
tance,  substrate  temperature,  substrate  bias  and  gas- 
surface  interactions.  PLD  requires  temperatures  of 
around  500  to  700°C  to  deposit  high-quality  crys¬ 
talline  films.  It  is  relatively  easy  to  produce  multi¬ 
layers  by  substitution  of  targets  into  the  path  of  the 
laser  beam.  In  a  commercial  setup  the  possibility  of 
time- sharing  a  laser  among  a  number  of  deposition/ 
analysis  chambers  has  been  considered.  One  of  the 
advantages  of  PLD  is  the  potential  for  scaling  up  to 
production  size  and  volume. 

Murray  et  al.  [72]  used  the  frequency-doubled 
output  (0.53  mm),  of  a  Q-switched  Nd:YAG  laser 
(15  ns  pulses  at  5  Hz)  to  evaporate  the  YSZ  target. 
The  growth  rate  was  relatively  low  (0.15-0.5 
|xmh~^)  because  of  the  target’s  low  quantum  yield 
to  0.53-mm  YAG  radiation.  Kokai  et  al.  [73,74] 
deposited  YSZ  thin  films  by  XeCl  excimer  laser 
ablation  using  a  bulk  YSZ  target  (20  ns  pulses,  0.308 
mm  at  10  Hz).  The  deposition  (1  |jimh“^)  of  dense 


System 

Fig.  6.  Laser  ablation  equipment  for  deposition  of  advanced  materials.  The  laser  pulse  passes  through  a  window  and  impinges  on  the  target 
material  which  is  vaporized  and  deposited  on  the  substrate  in  the  form  of  a  thin  film  [71]. 
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YSZ  films  (0.5-2  imm)  with  excellent  adhesive 
properties  at  800°C  was  demonstrated  on  a  Ce02- 
Sm203  substrate  maintained  at  500°C  in  O2  atmos¬ 
phere.  The  post-deposition  annealing  of  the  YSZ  film 
at  800°C  resulted  in  the  promotion  of  crystallinity. 
The  film  consisted  of  a  cubic  phase  grown  with  a 
predominance  of  (200)  orientation. 

Surface  melting  (sealing)  is  a  potential  method  to 
produce  shiny  surfaces  of  low  roughness  on  a 
plasma-sprayed  zirconia  coating.  But  the  problems  of 
cracks,  depressions,  islands,  etc.  have  not  yet  been 
solved  [75,76]. 

2.22.3.  Laser  spraying 

The  laser  spraying  technique  uses  a  carbon  dioxide 
laser  beam  which  is  passed  parallel  to  the  substrate 
[77,78].  Thick  YSZ  layers  of  60-150  fjim  were 
deposited.  The  powder,  which  is  supplied  through  a 
special  device  (sometimes  with  the  help  of  a  carrier 
gas)  melts  in  the  laser  beam  and  adheres  to  the 
substrate.  The  process  is  controlled  by  the  laser 
power  density,  substrate  temperature,  reaction  or 
carrier  gases  and  reactor  pressure. 

2.2.3.  PVD  techniques 
2.2.3. 1.  General 

Physical  vapor  deposition  (PVD)  is  a  generic  term 
for  a  variety  of  sputtering  techniques.  Radio  fre¬ 
quency  (RF)  sputtering  has  been  most  widely  used 
for  YSZ  film  deposition  in  the  production  of  SOFCs 
[79-81].  However,  YSZ  deposition  rates  during  RF 
sputtering  are  generally  relatively  low  due  to  the  low 
sputtering  yield  of  YSZ  (0.25  fxm  h  ').  A  schematic 
diagram  of  the  apparatus  is  shown  in  Fig.  7.  Reactive 
magnetron  sputtering  allows  much  higher  deposition 
rates  (2.5  p>mh~')  because  of  the  higher  sputtering 
yield.  In  addition,  magnetron  sputtering  provides  ion 
irradiation  of  the  film  during  deposition,  which  has 
been  shown  to  be  crucial  for  obtaining  high-density 
films  at  low  temperature  [82]. 

The  ion-beam-assisted  deposition  (IB AD)  tech¬ 
niques  [83]  resemble  the  reactive  magnetron  sputter¬ 
ing  technique,  where  an  ion  beam  and  a  reactive 
background  gas  are  the  primary  components  for 
producing  the  coating.  Thin  films  may  also  be 
deposited  by  vacuum  evaporation  of  a  target  using  an 
electron  beam  heating  device  [84].  The  deposition 
rates  achieved  are  in  general  two  orders  of  mag- 
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Fig.  7.  RF-diode  sputtering  deposition  apparatus  [71]. 


nitude  higher  than  for  the  above-mentioned  methods 
(typically  1  jxmmin  ^). 

2. 2. 3. 2.  RF -sputtering  technique 

Sputtering  deposition  is  widely  used  to  grow  alloy 
and  component  films  in  which  one  or  more  of  the 
constituent  elements  are  volatile.  Low-defect-density 
films  of  high-melting-point  materials  can  be  grown 
on  unheated  substrates  because  phase  formation  is 
primarily  governed  by  kinetics,  rather  than  by 
thermodynamics. 

An  evacuated  chamber  is  filled  with  the  sputtering 
gas.  A  large  negative  voltage  is  applied  to  the 
cathode.  The  sputtering  gas  forms  a  self-sustained 
glow  discharge.  RF-excitation  allows  use  of  a  non¬ 
conducting  target  or  a  metal  target  surface  that  has 
become  oxidized.  Physical  sputtering  of  the  target 
occurs  when  positive  ions  from  the  plasma  that  are 
accelerated  across  the  dark  space  strike  the  target 
surface.  Material,  which  is  ejected  by  a  momentum 
transfer  process,  is  mostly  uncharged  and  moves 
between  the  electrodes  where  it  becomes  thermalized 
and  condenses  on  any  surface.  A  metal  oxide  film  is 
grown  by  sputtering  a  metal  target  in  a  discharge 
containing  oxygen,  usually  in  conjunction  with  a 
noble  gas.  The  sputtering  process  can  dissociate  an 
oxidized  target  surface.  Therefore,  the  sputtered  flux 
may  consist  of  both  metal  atoms  and  metal  oxide 
molecules.  The  metal,  metal  oxide  and  oxygen 
species  that  arrive  at  the  substrate  are  adsorbed  and 
ultimately  incorporated  into  stable  nuclei  to  form  a 
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continuous  film.  These  processes  are  the  major 
factors  determining  film  chemistry,  short-range  atom 
order,  crystallography  and  microstructure. 

Ceramic  thin  films  may  be  deposited  on  various 
substrate  materials.  During  sputtering  the  substrate 
temperature  usually  does  not  exceed  TO^'C.  Anneal¬ 
ing  may  be  carried  out  after  sputtering  deposition 
both  in  order  to  repair  damage  from  sputtering  and  to 
study  effects  of  annealing  temperature  on  the  struc¬ 
tural  and  electrical  properties.  Typical  film  growth 
rates  are  0.15-0.5  ^xmh~^ 

YSZ  films  deposited  on  various  substrates  were 
found  to  be  of  cubic  structure  [69,70].  Annealing 
treatment  at  800-900°C  led  to  cracking  of  the  YSZ 
films.  However,  thermal  post- treatment  at  1500°C 
improved  the  quality  of  the  film  by  crack  healing 
[69].  The  authors  found  a  severely  cracked  film, 
(after  heating  to  r  =  900°C)  but  no  delimitation. 
Stress  in  the  YSZ  film  is  induced  by  differences  in 
thermal  expansion  coefficients  of  YSZ  (a  =  10.5  X 
10“*  K“')  and  CeOj  (a  =  12.5  X  10"*  K"').  As  the 
substrate  is  much  thicker  than  the  film,  it  is  to  be 
expected  that  the  film  will  be  under  a  large  (biaxial) 
tensile  stress  at  heating.  The  higher  the  temperature 
of  the  treatment,  the  greater  was  the  crack  density 
[85].  The  problem  of  high  tensile  stress  in  thin  films 
due  to  heat  treatment  may  be  avoided  by  introducing 
compressive  stress  in  the  film  during  or  after  sputter¬ 
ing. 

A  correlation  between  deposition  rate  and  RF 
power  was  demonstrated  by  Charpentier  et  al.  [86]. 
They  deposited  zirconia  films  on  to  dense  nickel  or 
silica  substrates.  Growth  rates  of  0.25  fjLmh~\  0.3 
|jLmh'"\  and  0.5  iJirnh”^  for  400,  500  and  800  W, 
respectively,  were  obtained.  They  observed  that 
heating  of  the  substrate  at  500°C  results  in  a  surface 
without  apparent  cracks  compared  to  a  situation 
without  heating.  Gao  et  al.  [87]  deposited  zirconia 
thin  films  of  about  0.5  |xm  on  glass  and  silicon 
substrates.  The  film  growth  rate  increased  approxi¬ 
mately  linearly  with  power  between  300  and  500  W 
but  did  not  change  with  argon  gas  flow-rate  or 
pressure.  After  deposition,  the  films  were  annealed  in 
air  at  500-700"C. 

2. 2. 3. 3.  Reactive  DC  current  magnetron  sputtering 

This  method  was  first  used  by  Konushi  [88]  to 
deposit  YSZ  for  epitaxial  growth.  The  principles  for 
deposition  of  electrolyte  films  or  Ag-cermets  are 


straightforward.  Deposition  is  initiated,  after  starting 
the  oxygen  flow  by  rotating  the  substrate  into 
position  over  the  target.  The  steady- state  temperature 
of  the  substrate  reaches  70°C  during  deposition.  The 
substrate  may  be  heated.  By  changing  the  sputter 
sources  and  sputter  parameters  a  wide  variety  of 
different  compositions  and  structures  with  specific 
properties  may  be  obtained.  Film  deposition  rates 
mainly  depend  on  oxygen  flow-rate.  The  decrease  in 
deposition  rate  is  attributed  to  the  formation  of 
oxides  on  the  target  surfaces,  which  are  generally 
characterized  by  a  much  lower  sputtering  yield  than 
the  metals. 

Jones  [89]  used  this  method  to  deposit  Zr02  with 
a  high  deposition  rate  up  to  9  (xmh~\  Wang  and 
Barnett  were  successful  in  producing  fully  dense 
films  at  a  deposition  temperature  of  350°C  [90,91]. 
Their  Ag-YSZ  cermets  had  a  high  conductivity  and 
a  low  overpotential  during  operation.  Multilayer 
electrolytes  for  SOFCs  were  operated  at  temperatures 
around  750°C.  Three-layer  cells  consisting  of  l-fjum 
thick  Ag-YSZ  cermet,  a  14-20-|xm  thick  YSZ 
electrolyte,  and  a  l-2.5-|jim  thick  Ni-YSZ  cermet 
were  deposited  on  polished  alumina  disks.  The  cell 
exhibited  an  OCV  of  0.8  V,  less  than  the  expected  1.1 
V  at  750°C  and  a  maximum  power  density  of  35 
mW  cm~^. 

Charpentier  et  al.  [86]  deposited  a  4-)jLm  thick 
YSZ  film  on  a  porous  nickel  substrate  at  500°C. 
They  found  that  the  porosity  of  the  substrate  had  a 
crucial  influence  on  the  quality  of  the  films.  The  pore 
size  of  the  substrate  must  be  limited  to  2  p.m.  The 
maximum  deposition  thickness  which  could  be 
reached  in  one  step  is  4  p,m.  Honegger  et  al.  [92] 
deposited  a  bilayer  of  YSZ  (4  |ULm)/CYO  (Y2O3 
doped  ceria)  ( 1  |uim)  electrolytes  on  anode  substrates 
(35  mm  0).  The  cell  showed  maximum  power 
densities  of  up  to  1  W  cm~^  at  720°C.  OCV  values 
of  0.98  V  were  obtained  at  700°C.  The  low  OCV 
values  were  attributed  to  leakage  of  oxygen  from  the 
cathode  side  to  the  anode  chamber.  The  reported 
value  of  the  deposition  rate  was  5  ixmh'^  for  YSZ. 
Badwal  et  al,  [93]  measured  a  power  density  of  350 
mW  cm“^  at  800°C  for  a  cell  (17  mm  0)  with  YSZ 
thin  electrolytes. 

Kleinlogel  et  al.  [94]  used  this  method  to  deposit 
CYO-YSZ  bilayers  on  cathode  substrates  (50  mm 
0).  Thin  10  mol.%  yttria-doped  ceria  solid  solutions 
and  8  mol.%  yttria-stabilized  zirconia  bilayers  were 
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deposited  on  porous  cathode  substrates  using  DC 
magnetron  sputtering  in  O^-Ar  plasmas  using  CeY- 
alloy  and  ZrY-alloy  targets.  Dense,  microcolumnar 
film  structures  were  already  obtained  at  substrate 
temperatures  as  low  as  250°C  during  deposition.  Cell 
tests  were  performed  using  air  as  the  oxidant  and  a 
humidified  mixture  of  70%  N2/30%  H2  as  the  fuel. 
An  open-circuit  voltage  of  1.06  V  was  obtained  at 
700°C,  indicating  that  the  electronic  conduction  of 
the  CYO  layer  was  blocked  by  the  YSZ  layer.  A 
maximum  power  output  of  230  mW  cm~^  (0.4  V  600 
mA  cm~^)  has  been  achieved.  Fig.  8  shows  a  cross- 
sectional  view  of  the  sputtered  electrolyte  bilayer. 

2.3.  Ceramic  powder  processing  methods 

2.3.1.  Thick  film  techniques 

2.3. 1.1.  General 

The  tape  casting,  screen  printing,  and  bulk  sinter¬ 
ing  techniques  have  been  extensively  used  for  pre¬ 
paring  electrolytes  of  a  few  tens  of  microns  to  >  200 
jxm  thickness.  Although  satisfactory  results  with 
SOFC  prepared  with  the  techniques  described  previ¬ 
ously  have  been  obtained  at  high  temperatures 
(  >  950°C),  the  upscaling  of  component  size  still  has 
remained  as  a  major  problem  [95,96].  Tape-casting 
and  screen-printing  techniques  could  be  potential 
candidates  for  producing  electrolytes  with  diameters 
of  10-30  mm  thicknesses  in  an  inexpensive  way. 


2. 3. 1.2.  Screen-printing 

A  highly  viscous  paste  consisting  of  a  mixture  of 
ceramic  powder,  organic  binder  and  plasticizer  is 
forced  through  the  open  meshes  of  a  screen  using  a 
squeegee.  Parameters  such  as  grain  size,  grain  form, 
surface  properties  and  packing  density  of  the  powder 
have  to  be  optimized.  The  screen-printed  films  are 
dried  and  sintered  at  high  temperatures.  The  sintering 
temperature,  time  and  atmosphere  are  also  important 
for  good-quality  films  [97]. 

There  are  few  publications  on  screen-printed  dense 
films  of  stabilized  zirconia.  Bauza  et  al.  [98]  pro¬ 
duced  both  porous  and  dense  fi]ms,  with  a  high  ratio 
of  electrode  area  to  thickness  which  can  be  1-2 
orders  of  magnitude  higher  than  that  of  conventional 
disks  (pressed  and  sintered).  Porosity  arises  mainly 
due  to  the  agglomeration  of  the  small  particles  in 
commercial  powders.  It  was  shown  by  Gbdickemeier 
[99]  (see  Fig.  9)  that  electrolytes  can  be  screen- 
printed  on  porous  or  dense  substrates  (Ni-YSZ 
cermets).  More  recently,  Cassidy  used  the  screen¬ 
printing  technique  as  a  method  to  deposit  a  zirconia 
layer  onto  a  tape-cast  anode  support.  The  green 
anode-electrolyte  bilayer  was  sintered  resulting  in  an 
electrolyte  thickness  of  around  8  jjLm.  An  OCV  of 
0.94  V  has  been  achieved  [100,101]. 

2.3. 1.3.  Tape  casting 

Starting  from  ceramic  powders,  green  tapes  are 
produced  which  may  be  then  cut  into  different 


Fig.  8.  SEM  picture  (left)  and  elemental  analysis  (right)  of  an  electrolyte  bilayer  deposited  via  DC  sputtering  on  top  of  a  porous  cathode 
substrate.  It  consists  of  a  1-p.m  thick  CeO^  (Y)  chemical  compatibility  layer  and  a  4-|xm  thick  ZrO.  (Y)  electrolyte  layer  [94]. 
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Fig.  9.  SEM  micrograph  of  a  zirconia  layer  processed  via  screen-printing.  Fracture  surface:  8Y-YSZ  layer  on  a  3Y-YSZ  substrate  [99]. 


shapes.  The  preparation  of  the  slurry  for  this  tech¬ 
nique  is  similar  to  that  of  the  paste  for  the  screen 
printing  method,  and  is  achieved  by  conventional 
methods.  By  casting  the  slurry  directly  onto  the 
joining  substrate,  unnecessary  handling  steps  may  be 
avoided  and  less  binder  and  plasticizer  have  to  be 
added  [102].  Cermet  fabrication  (25-100  |xm)  is  also 
possible  by  tape  casting  [103]. 

Tape  casting  has  been  developed  to  produce  large- 
area,  thin,  flat  ceramic  layers  for  the  monolithic  and 
planar  SOFC.  Van  Berkel  et  al.  [104]  used  a  multi¬ 
layer  tape  casting  technique,  with  which  an  electrode 
layer  is  tape-cast  on  top  of  a  green  thin  electrode 
layer.  A  50  X  50  mm^  bilayer  of  10  jxm  zirconia  on  a 
YSZ/Ni-anode  tape  could  be  manufactured.  Ihringer 
et  al.  [105]  used  a  water-based  tape  casting  method 
and  produced  0,6-10  |xm  YSZ  layers  which  were 
cast  on  200-250  |xm  NiO/YSZ  anode  substrates  and 
co-sintered  at  1350°C.  After  sintering,  the  com¬ 
plementary  cathode  was  deposited.  The  cells  (31  mm 
0)  exhibited  a  power  density  of  580  mW  cm~^  with 
an  OCV  of  1.01  V  at  760°C.  Will  [106]  produced  thin 
zirconia  tapes  and  laminated  them  at  50°C  with  a 
separately  produced  green  Ni-cermet  tape.  The 
resulting  microstructure  after  sintering  of  the  bilayer 
is  shown  in  Fig.  10.  The  closed  porosity  of  the 
zirconia  layer  was  characterized  by  isolated  round 
holes  with  diameters  of  3-5  p-m.  They  were  proba¬ 


bly  formed  due  to  the  high  organic  content  in  the 
green  tape. 

2.3. 1.4.  Slurry  coating  technique 
Thin  film  electrolytes  may  be  fabricated  also  by 
the  slurry  coating  method  [60,95].  A  water  suspen¬ 
sion  with  a  small  amount  ( <  5  wt.%  of  YSZ)  is  used 
to  coat  a  substrate.  The  thin  films  were  then  dried  at 
room  temperature,  pre-heated  at  elevated  tempera¬ 
tures,  and  finally  sintered.  This  cycle  is  normally 
repeated  5-10  times.  Using  an  ethanol  suspension  of 
YSZ  [95]  may  significantly  shorten  the  drying  step. 
Normally  repeated  coating  may  eliminate  cracks. 
Thin  and  dense  films  with  no  observable  crack  were 
produced  by  Arai  et  al.  [107].  Aizawa  et  al.  [108] 
used  the  slurry  coating  technique  to  deposit  a  20-30- 
p,m  thick  zirconia  film  on  tubular  cathode  substrates. 
The  films  were  dense  and  such  cells  exhibited  an 
OCV  close  to  the  theoretical  value.  Nam  et  al.  [109] 
deposited  YSZ  films  on  pressed  porous  NiO/YSZ 
substrates.  A  12  wt.%  YSZ  slurry  was  prepared  and 
dip-coated  on  one  side  of  the  substrate.  The  film- 
coated  anode  was  sintered  at  1150°C  for  1  h.  The 
dipping-heating  cycle  was  repeated  to  reach  the 
desired  thickness  of  the  electrolyte  followed  by  a 
final  sintering  step  at  1430°C  for  4  h.  With  two 
coatings  the  final  electrolyte  thickness  was  10  ixm. 
An  YSZ  suspension  was  deposited  on  partially 
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Fig.  10.  SEM  micrograph  of  a  zirconia  layer  fabricated  via  transfer  printing  after  sintering.  Fracture  surface:  zirconia  on  top,  Ni-ccrmct 
below  [106]. 


sintered  anode  or  cathode  substrates  by  Visco  and 
Souza  [8,110,111].  The  substrates  (25  mm  0)  were 
pre-fired  to  the  extent  that  the  shrinkage  profile  of 
the  substrate  exceeds  that  of  the  YSZ  film.  In  this 
way,  the  film  is  under  compression  rather  than 
tension  while  sintering,  and  highly  dense,  crack-free 
films,  4-10  |xm  thick,  were  deposited  in  a  single 
step.  The  cell  exhibited  a  power  output  of  650 
mW  cm  ^  at  800°C  using  a  sputtered  layer  of  Pt. 


Ni~YSZ/YSZ/LSM  cells  built  with  this  technique 
exhibited  an  exceptionally  high  power  density  of 
1930  mW  cm  '  at  800°C.  Will  [106]  coated  porous 
pre-sintered  Ni-cermet  tapes  with  zirconia  suspen¬ 
sions.  After  drying,  the  coating  was  repeated.  Fig.  1 1 
shows  the  resulting  microstructure  after  repeating  the 
coating  process  five  times  followed  by  sintering  of 
the  bilayer.  The  zirconia  layer  (5  jxm)  adhered  very 
well  to  the  anodic  substrate.  Some  of  the  zirconia 


Fig.  11.  SEM  micrograph  of  a  zirconia  layer  processed  via  slurry  coating  after  sintering.  The  coating-drying  cycle  was  repeated  five  times. 
Fracture  surface:  zirconia  on  top,  Ni-cermet  substrate  below  [106]. 
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was  deposited  inside  the  porous  substrate,  which 
results  in  a  very  good  mechanical  interlocking, 

23.1.5.  Slip  casting 

Thick  films  may  also  be  prepared  using  the  slip 
casting  process  [112,113],  The  slip  (1:3  vol.% 
powder: water)  was  on  a  porous  mold  and  the  excess 
slurry  was  drained.  After  drying,  the  green  compact 
was  removed  from  the  mold  and  then  sintered.  The 
density  of  the  sintered  samples  was  <95%  and  a 
small  number  of  pores  could  be  observed  in  SEM. 

2.3. 1.6.  Filter  pressing 

The  efficiency  of  the  slip  casting  process  normally 
is  rather  low.  Using  a  low  vacuum  may  enhance  it. 
Forthmann  et  al.  [114]  coated  gastight  zirconia  layers 
on  presintered  porous  anode  substrates  with  sizes  up 
to  100  X  100  mm.  Coating  was  performed  in  two 
steps:  first,  closing  the  open  surface  pores  of  the 
substrate  using  a  0,15-1.5  jxm  interlayer  consisting 
of  YSZ/NiO,  and,  second,  preparing  a  15-20  p-m 
electrolyte  layer  by  using  a  pure  YSZ  suspension. 
The  anode  substrate /electrolyte  unit  was  subsequent¬ 
ly  sintered  at  1500°C.  After  deposition  of  the  cathode 
the  cells  exhibited  a  current  density  of  430  mW  cm  ^ 
at  800°C.  Cells  with  a  15-pm  thick  electrolyte  layer 
yield  power  densities  of  230  W  cm~^  at  750°C  [1], 

2.3.2.  Thin  film  techniques 

2.3.2. 1.  General 

Recently,  tape  calendering  and  electrophoretic 
deposition  techniques  were  applied  to  produce  YSZ 
thin  film  electrolytes.  Transfer  printing  is  a  new 
method  for  high-tech  ceramics,  however,  like  the 
other  two  methods,  transfer  printing  is  already 
known  from  conventional  ceramic  processing  tech¬ 
niques. 

2.3.2.2.  Tape  calendering 

The  process  involves  squeezing  a  softened  thermo¬ 
plastic  polymer /ceramic  powder  mixture  between 
two  rollers  to  produce  a  continuous  sheet  of  material. 
Individual  sheets  can  be  calendered  and  joined  to 
form  the  multilayer  tapes  required  for  SOFCs.  Tape 
calendering  of  YSZ  ceramics  was  first  successfully 
applied  by  Minh  et  al.  [9,10]  for  the  production  of 
monolithic  and  flat  plate  SOFCs.  Minh  et  al.  pro¬ 


duced  thin  (1-10  pm)  zirconia  electrolyte  layers  on 
porous  Ni-YSZ  cermet  supports.  Flat  plate  SOFCs 
with  sizes  of  100  X  100  mm^  were  operated  at  600  to 
800°C  with  a  platinum  paint  cathode.  A  power 
density  of  0.27  W  cm~^  was  achieved  at  800°C.  The 
OCV  of  the  cell  was  1.1  V,  close  to  the  theoretical 
value. 

2.3.23.  Electrophoretic  deposition  (EPD) 

This  technique  is  one  of  the  colloidal  processes  in 
ceramic  production  and  has  advantages  of  short 
formation  time,  little  restriction  of  the  shape  of 
substrate,  and  suitability  for  mass  production.  In 
EPD,  charged  powder  particles  are  deposited  from  a 
suspension  onto  a  metallic  electrode  or  a  conductive 
substrate  by  the  application  of  a  DC  electric  field. 
The  rate  of  deposition  is  controllable  via  the  applied 
potential  and  can  be  very  fast  (1  mm  min  ^)  [115]. 
Because  the  green  coating  contains  few  or  no 
organics,  no  burnout  procedures  are  required,  and  a 
deposit  can  be  formed  on  the  outside  and/or  the 
inside  of  the  electrode.  Various  kinds  of  solvents 
have  been  applied.  Ishihara  et  al.  produced  dense 
YSZ  films  with  a  uniform  thickness  using 
acetylacetone  as  solvent.  Zirconia  films  were  de¬ 
posited  on  cathodic  and  anodic  substrates  with 
electroless  plated  Pt  as  anode  or  cathode  [116],  The 
open-circuit  voltage  and  the  maximum  power  density 
achieved  were  1.03  V  and  1.84  W  cm  ^  (1000°C), 
respectively.  The  thickness  of  the  YSZ  films  can  be 
controlled  easily  by  the  time  and  applied  voltage. 
Hruschka  [117]  and  Will  [106]  deposited  zirconia 
films  on  pressed  or  tape-cast  anodic  substrates  with 
diameters  of  up  to  120  mm.  An  open-circuit  voltage 
of  0.9  V  at  700°C  and  a  power  density  of  200 
mW  cm~^  were  reported.  Fig.  12  shows  a  cross- 
section  of  a  sintered  EPD-derived  zirconia  layer.  The 
substrate  for  the  deposition  was  a  tape  cast  Ni- 
cermet.  After  co-sintering  of  the  two  layers,  the 
substrate  exhibited  a  high  porosity,  whereas  the 
zirconia  layer  was  dense  with  a  small  amount  of 
closed  porosity. 

2. 3. 2. 4.  Transfer  printing 

This  method  involves  screen-printing  a  ceramic 
organic-based  suspension  onto  a  soluble  gum  paper 
and  drying  this  layer.  Subsequently,  an  acrylic  resin 
covercoat  is  screen-printed  over  the  electrolyte  layer. 


92 


J.  Will  et  al.  /  Soi 


Fig.  12.  SEM  micrograph  of  a  zirconia  layer  processed  via  electrophoretic  deposition  after  sintering.  Fracture  surface:  zirconia  on  top, 
Ni-cermet  substrate  below  [117]. 


The  electrolyte  layer  with  the  covercoat  is  released 
from  the  gum  paper  by  immersion  in  water,  which 
dissolves  the  gum.  The  layer  with  the  covercoat  is 
then  squeezed  over  the  appropriate  substrate,  dried 
and  fired  to  full  density. 

Prica  et  al.  [118]  applied  this  method  to  fabricate  a 


1 .2-mm  layer  of  yttri a- stabilized  zirconia  electrolyte 
deposited  onto  a  cermet  tube.  An  OCV  of  0.95  V  was 
reached  at  1000°C.  Will  [106]  applied  transfer  print¬ 
ing  of  zirconia  layers  on  pre-sintered  Ni-cermet 
tapes.  A  micrograph  of  the  sintered  bilayer  is  shown 
in  Fig.  13. 


Fig.  13.  SEM  micrograph  of  a  zirconia  layer  processed  via  transfer  printing  after  sintering.  Fracture  surface;  zirconia  layer  on  top, 
Ni-cermet  substrate  below  [106]. 


J.  Will  et  al  /  Solid  State  Ionics  131  (2000)  79-96 


93 


3.  Summary  and  conclusions 

This  survey  shows  that  many  methods  for  deposit¬ 
ing  thin  and  dense  YSZ  films  on  dense  or  porous 
substrates  exist  that  are  based  on  ceramic  powder 
techniques  or  chemical  and  physical  processes. 


These  techniques  mainly  differ  in  deposition  rates, 
substrate  temperature  during  deposition,  precursor 
materials,  necessary  equipment,  expenditure,  and  in 
the  quality  of  the  resulting  films.  These  described 
methods  are  compared  and  classified  in  Table  1. 

Although  methods  such  as  CVD  and  PVD  are  well 


Table  1 

Comparison  of  the  methods  for  producing  thin  and  dense  electrolytes  for  SOFC  applications 


Technique 

Film  characteristics 

Process  features 

Microstructure 

Deposition 
rate  or 

thickness 

Cost 

Characteristics  and  limitations 

Vapor  phase 

Thermal  spray 
technologies 

100-500  txmh'' 

High  deposition  rates,  various  compositions  possible, 
thick  and  porous  coatings,  high  temperatures 
necessary 

EVD 

Columnar  structures 

3-50  p-mh“‘ 

Expensive 
equipment  and 
processing 
costs 

High  reaction  temperatures  necessary,  corrosive  gases 

CVD 

Columnar  structures 

1-10  |xmh“‘ 

Expensive 

equipment 

Various  precursor  materials  possible,  high  reaction 
temperatures  necessary,  corrosive  gases 

PVD  (RF  and 
magnetron  sputtering) 

Laser  ablation 

Columnar  stmctures 

0.25-2.5  purnh"' 

Expensive 

equipment 

Expensive 

equipment 

(laser) 

Tailor-made  films,  dense  and  crack-free  films,  low 
deposition  temperatures,  multipurpose  technique, 
relatively  small  deposition  rate 

Intermediate  deposition  temperatures,  difficult 
upscaling,  time-sharing  of  laser,  relatively  small 
deposition  rate 

Spray  pyrolysis 

Amorphous  to 
polycrystalline 

5-60  p.mh”* 

Economical 

Robust  technology,  upscaling  possible,  easy  control 
of  parameters,  corrosive  salts,  post-thermal 
treatment  usually  necessary 

Liquid  phase 

Sol-gel,  Liquid 
precursor  route 

Polycrystalline 

0.5-1  p.m  for 
each  coating 

Economical 

Various  precursors  possible,  very  thin  films,  low 
temperature  sintering,  coating  and  drying /heating 
processes  have  to  be  repeated  5-10  times,  crack 
formation  during  drying,  many  process  parameters 

Solid  phase 

Tape  casting 

Polycrystalline 
slightly  textured 

25-200  |ULm 

Robust  technology,  upscaling  possible,  crack 
formation 

Slip  casting  and 
slurry  coating 

Polycrystalline 

25-200  p.m 

Economical 

Robust  technology,  crack  formation,  slow 

Tape  calendering 

Polycrystalline 

5-200  p.m 

Upscaling  possible,  co-calendering  possible 

EPD 

Polycrystalline 

1-200  ixm 

Short  formation  time,  little  restriction  to  shape  of 
substrate,  suitable  for  mass  production,  high 
deposition  rates,  inhomogeneous  thickness 

Transfer  printing 

Polycrystalline 

5-100  p,m 

Economical 

Robust  technology,  rough  substrate  surfaces  possible, 
adhesion  on  smooth  substrates  difficult 

Screen  printing 

Polycrystalline 

10-100  [im 

Economical 

Robust  technology,  upscaling  possible,  crack 
formation 
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established,  only  simple  stoichiometric  compounds 
can  be  deposited,  as  each  component  has  to  be 
evaporated  at  different  temperatures  due  to  their 
different  vapor  pressures.  The  constituents  have  to  be 
deposited  from  independently  controlled  sources, 
which  add  complexity  to  the  system.  Ceramic  pow¬ 
der  methods  on  the  other  hand  have  the  potential  to 
be  good  candidates  for  complicated  stoichiometric 
compositions  or  for  mixtures  of  materials. 

It  is  assumed  that  CVD/EVD  and  spray  pyrolysis 
will  become  key  technologies  for  depositing  thin 
electrolyte  layers.  The  investment  cost  for  the  CVD 
apparatus  is  high  [119]  compared  to  droplet  and 
powder  techniques  whereas  the  set-up  for  the  spray 
pyrolysis  is  inexpensive  and  simple.  This  latter 
method  has  advantages  of  uniform  coating  of  large 
areas,  easy  control  of  deposition  rates  and  film 
thickness,  inexpensive  experimental  set-up  under 
atmospheric  conditions  [120].  On  the  other  hand,  all 
liquid  precursor  methods  such  as  sol-gel,  spray 
pyrolysis  and  slurry  coating,  are  time-,  labor-  and 
energy-intensive  because  coating  and  drying /sinter¬ 
ing  has  to  be  repeated  in  order  to  avoid  crack- 
formation.  Tape  casting,  electrophoresis,  screen¬ 
printing,  and  transfer  printing  are  considered  very 
cost-effective  and  promising  techniques.  Whilst  these 
methods  may  be  appropriate  for  small  area  cells,  the 
large  shrinkage  associated  with  the  removal  of 
polymeric  binders  and  plasticizers  in  subsequent 
sintering  steps  reduces  the  quality  of  large  (  >  10  cm 
0)  area  cells.  Moreover,  it  is  often  difficult  to  retain 
adequate  porosity  within  the  supporting  electrode 
structures  during  the  cofiring  stage  for  densification 
of  the  thick  film  electrolytes. 
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Abstract 

Nanocrystalline  films  of  5-Bi203  were  electrodeposited  at  65°C  directly  from  alkaline  solutions  of  tartrate-complexed 
Bi(III).  This  face-centered-cubic  polymorph  of  Bi203  is  normally  only  stable  at  high  temperatures  (729~825T).  The 
material  has  the  highest  known  oxide  ion  mobility.  We  propose  that  the  high  temperature  form  of  the  oxide  is  stabilized  due 
to  the  nanocrystalline  (70  nm)  size  of  the  pairticles  in  the  film.  The  oxide  also  deposits  epitaxially  onto  a  single-crystal 
Au(llO)  substrate  with  strong  in-plane  and  out-of-plane  orientation.  The  large  lattice  mismatch  (35.4%)  is  accommodated  by 
forming  a  coincidence  lattice,  in  which  the  5-Bi203  is  rotated  90°  relative  to  the  Au  (110)  substrate.  The  epitaxial 
relationship  between  film  and  substrate  may  also  serve  to  stabilize  the  high-temperature  structure.  ©  2000  Elsevier  Science 
BY.  All  rights  reserved. 

Keywords:  Bismuth  oxide;  Electrodeposition;  Epitaxial  growth;  Solid  electrolyte 
PACS:  81.15.P  (Electrodeposition) 


1.  Introduction 

Oxide-ion  conducting  solid  electrolytes  are  of 
great  interest  for  use  in  fuel  cells,  oxygen  sensors, 
and  oxygen  pumps.  The  most  widely  used  solid 
electrolytes  with  high  oxide  ion  conductivity  are 
those  derived  from  zirconia,  with  yttria-stabilized 
zirconia  being  the  most  widely  applied.  However, 
zirconia-based  solid  electrolytes  have  an  oxide  ion 
conductivity  that  is  up  to  two  orders  of  magnitude 
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lower  than  the  cubic  form  of  Bi203  [1],  A  significant 
limitation  of  the  bismuth  oxide  system  is  that  the 
face-centered-cubic  phase  exists  only  between  729°C 
and  the  melting  point  of  the  material,  825°C  [2]. 
Substitution  of  rare-earth  oxides  stabilizes  8-Bi203 
down  to  room  temperature,  however  there  is  a 
coincident  lowering  of  the  oxide  ion  conductivity  by 
over  two  orders  of  magnitude  [3], 

The  polymorphism  of  pure  bismuth  sesquioxide 
has  been  studied  by  several  investigators  [4-8]  since 
the  work  of  Sillen  [9],  who  proposed  that  four 
polymorphs  exist.  Below  729°C  Bi203  exists  as  the 
monoclinic  a-phase.  When  cooling  from  tempera¬ 
tures  above  729°C,  the  face-centered  cubic  (fee) 
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8-phase  of  Bi203  has  been  observed  to  undergo  a 
transformation  into  one  of  two  metastable  phases,  the 
tetragonal  p-phase  or  the  body  centered  cubic  (bcc) 
7-phase,  before  reverting  to  the  monoclinic  form. 
Sillen  first  described  b-BioO^  as  having  a  pseudo¬ 
fluorite  structure  with  one  quarter  of  the  oxygen 
atoms  missing  in  an  ordered  defect  oxygen  lattice 
[9].  Gattow  and  Schroder  showed  by  X-ray  powder 
diffraction  that  8-Bi203  is  fee  and  rejected  the 
ordered  defects  in  the  oxygen  lattice,  preferring 
instead  a  statistical  occupancy  of  75%  on  each  anion 
site  [10].  Willis  proposed  a  more  complicated  model 
in  which  each  anion  site  is  replaced  by  four  equiva¬ 
lent  sites  displaced  from  their  ideal  positions,  each 
site  having  an  occupancy  factor  of  3/16  [11].  Battle 
et  al.  have  shown  by  refinement  of  neutron  diffrac¬ 
tion  patterns  that  8-Bi203  has  a  highly  defective 
fluorite  structure  where  43%  of  the  regular  anion 
sites  are  occupied,  in  addition  to  8%  occupancy  of  a 
second  site  displaced  from  the  regular  anion  position 
[12].  The  unusually  high  ionic  conductivity  of  8- 
Bi203  has  been  attributed  to  the  highly  disordered 
oxygen  sublattice  [13]. 

Electrodeposition  as  a  means  of  materials  syn¬ 
thesis  offers  the  advantages  of  low  processing  tem¬ 
peratures,  control  of  film  thickness,  deposition  onto 
complex  shapes,  low  capital  investment  and  the 
production  of  nonequilibrium  materials  that  cannot 
be  accessed  by  traditional  thermal  processing.  We 
have  previously  used  electrodeposition  to  create 
superlattices  of  metal  oxides  [14-16]  and  nonequil¬ 
ibrium  layered  nanostructures  of  CU2O  and  Cu  which 
showed  quantum  confinement  effects  in  electrical 
properties  [17-21].  Recently,  we  reported  that  epi¬ 
taxial  films  of  8-Bi203  can  be  electrodeposited  on 
Au  single  crystal  substrates  at  65°C,  with  the  materi¬ 
al  stabilized  by  a  template  effect  [22].  The  pro¬ 
duction  of  room  temperature  stable  epitaxial  8-Bi203 
nanoscopic  mesas  grown  by  pulsed  laser  deposition 
has  also  been  reported  [23].  Nonequilibrium  materi¬ 
als  can  be  stabilized  by  the  production  of  nanometer- 
scale  crystallites,  as  in  the  case  of  Zr02  [24-27],  or 
by  epitaxially  electrodepositing  the  material  onto  a 
substrate  with  a  crystal  structure  similar  to  that  of  the 
desired  product.  In  this  work,  we  produce  8-Bi203 
by  electrodeposition  that  is  stabilized  at  room  tem¬ 
perature  due  to  the  nanoscale  crystallites  that  are 
formed.  We  also  show  that  the  structure  can  be 


epitaxially  stabilized  by  electrodepositing  8-Bi203 
onto  single  crystal  Au.  The  epitaxial  films  are  shown 
to  be  oriented  in-plane  and  out-of-plane  by  X-ray 
diffraction  techniques. 

2.  Experimental  procedure 

Each  500-ml  deposition  solution  consisted  of  0.1 
M  Bi(III)  nitrate  pentahydrate,  0.25  M  tartaric  acid, 
and  2.5  M  KOH  prepared  with  water  ( >  18  Mfl) 
from  a  Bamstead  NANOpure  ultra  pure  water  sys¬ 
tem.  All  chemicals  were  reagent  grade  and  purchased 
from  Aldrich.  Temperature  control  was  maintained 
with  a  Cole  Palmer  model  04644  digital  hot  plate/ 
stirrer  with  temperature  probe.  A  constant  tempera¬ 
ture  of  65°C  in  the  stirred  solution  was  maintained 
during  electrodeposition. 

Electrodeposition  was  performed  with  an  EG  and 
G  Princeton  Applied  Research  Model  273A  poten- 
tiostat/galvanostat.  A  three-electrode  electrochemi¬ 
cal  cell  was  employed  consisting  of  a  working 
electrode  (430  stainless  steel,  polycrystalline  Au  or 
single  crystal  Au),  a  saturated  Ag/AgCl  reference 
electrode  and  a  Pt-wire  counter  electrode.  The  elec- 
tropolished  Au  single  crystal  was  purchased  from 
Monocrystals  Company.  The  single  crystal  had  a 
10-mm  diameter  and  a  1-mm  thickness.  The  purity 
of  the  Au  was  99.99  +  %.  Commercially  available 
9-MHz  AT-cut  quartz  crystals  (Seiko  EG  and  G 
model  QA-AM9-AU)  were  used  as  the  working 
electrode  during  electrochemical  quartz  crystal  mi¬ 
crobalance  (EQCM)  experiments.  The  quartz  crystals 

o 

have  a  coating  on  both  sides  consisting  of  a  500  A  Ti 
layer  beneath  a  3000  A  layer  of  Au.  The  quartz 
crystals  were  installed  in  a  Teflon  holder  so  that  only 
one  electrode  face,  with  an  area  of  0.20  cm“  was 
exposed  to  the  solution.  A  quartz  crystal  analyzer 
(Seiko  EG  and  G  model  QCA917)  was  used  in 
conjunction  with  a  Nicolet  Pro  10  oscilloscope  to 
monitor  changes  in  frequency  during  experiments.  A 
gate  time  of  0.1  s  and  an  output  range  of  ±20 
KHz/ 10  V  was  used  with  the  analyzer.  For  all 
depositions  a  constant  anodic  current  density  of  5 
mA/cm^  was  applied. 

X-ray  diffraction  (XRD)  experiments  were  per¬ 
formed  with  a  Scintag  2000  diffractometer  using 
CuKa  radiation.  Rietveld  refinement  of  the  powder 


EW.  Bohannan  et  al.  /  Solid  State  Ionics  131  (2000)  97-107 


99 


diffraction  pattern  of  8-Bi203,  obtained  from  a  series 
of  films  grown  on  430  stainless  steel,  was  performed 
with  commercially  available  RIQAS  software. 
Azimuthal  scans  of  epitaxial  films  were  obtained  by 
the  use  of  a  texture  goniometer  accessory  that  had 
been  fashioned  in-house  for  the  Scintag  2000.  Par¬ 
ticle  size  and  strain  measurements  were  obtained 
using  the  program  shadow  (Ver.  4.00,  Materials 
Data).  Instrumental  broadening  was  determined  with 
a  LaBg  standard  (SRM  660)  purchased  from  NIST. 

A  Hitachi  S-570  scanning  electron  microscope 
(SEM)  was  used  to  obtain  cross-sectional  images  of 
the  8-Bi203  films.  The  SEM  was  operated  with  an 
accelerating  voltage  of  25  kV  and  a  magnification  of 
40  000  X  .  Prior  to  imaging,  the  samples  were  sputter 
coated  with  ~  100  A  of  60%  Au/40%  Pd  to  prevent 
sample  charging.  Energy  dispersive  spectroscopy 
(EDS)  measurements  were  performed  on  uncoated 
samples  with  an  EDAX  Phoenix  system  in  conjunc¬ 
tion  with  a  Hitachi  S-4700  field  emission  SEM. 
Atomic  force  microscopy  (AFM)  images  were  ob¬ 
tained  with  a  Digital  Nanoscope  E  scanning  probe 
microscope  which  was  operated  in  the  contact  mode. 
The  samples  were  imaged  in  air  with  Au-coated 
Si3N4  probes. 


3.  Results  and  discussion 

The  XRD  powder  pattern  for  electrodeposited  8- 
Bi203  is  shown  in  Fig.  1.  The  powder  sample  was 
obtained  from  numerous  thin  films  removed  from 
430  stainless  steel  substrates.  A  Rietveld  fit  to  the 
powder  pattern  was  performed  with  riqas  software 
and  is  also  shown.  The  Rietveld  fit  was  performed 
with  space  group  Fm3m,  with  the  Bi  atoms  at 
(0,0,0),  and  oxygen  atoms  at  (0.25,0.25,0.25)  and 
(0.354,0.354,0.354)  with  occupancies  of  the  oxygen 
sites  of  0.43  and  0.08,  respectively.  Refinement  of 
the  pattern  gave  residual  errors  of  7.62%  and  11.10% 
for  R  and  R^p.  It  is  of  note  that  a  similar  refinement 
performed  with  the  same  parameters  except  with  the 
oxygens  only  at  (0.25,0.25,0.25)  and  an  occupancy 
of  0.75  gave  similar  residual  errors  (R  =  7.93%, 
R^p  =  11.72%).  The  scattering  factor  for  oxygen  is 
much  less  than  that  of  Bi,  so  very  little  can  be 
learned  about  the  precise  placement  of  the  oxygen 
atoms  by  XRD.  A  precision  lattice  parameter  of 
5.531  ±0.001  A  was  determined  by  high  angle  X-ray 
diffraction  using  a  silicon  reference  standard.  The 
lattice  parameter  for  thermally  prepared  8-Bi203  at 
1047  K  is  5.6595  A  [3].  Taking  into  account  the 
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Fig.  1.  XRD  powder  pattern  (solid  line),  Rietveld  fit  (  +  ),  and  difference  pattern  for  8-Bi203.  A  space  group  of  Fm3m  was  assigned,  with 
bismuth  atoms  at  (0,0,0)  and  oxygen  atoms  on  two  sites,  (0.25,0.25,0.25)  and  (0.354,0.354,0.354)  with  occupancies  of  0.43  and  0.08, 
respectively. 
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thermal  expansion  coefficient  for  6-Bi203  of  2.4  X 
[5],  the  lattice  parameter  of  our  elec- 
trodeposited  8-Bi203  extrapolated  to  1047  K  is  5.6 
A.  We  view  this  as  good  agreement  between  the  two 
materials,  given  the  uncertainty  in  the  expansion 
coefficient  and  the  large  degree  of  extrapolation 
required.  The  room-temperature  positions  and  inten¬ 
sities  of  the  observed  reflections  for  electrodeposited 
8-Bi203  powder  are  given  in  Table  1. 

The  cubic  form  of  8-Bi203  may  be  stabilized  at 
these  low  temperatures  by  the  small  particle  size  of 
crystallites  in  the  film.  X-ray  line  broadening  can  be 
used  to  determine  strain  and  particle  size  of  a  given 


crystalline  material.  Using  the  method  developed  by 
Williamson  and  Hall  [28],  the  contributions  of  the 
particle  size  and  strain  to  the  observed  X-ray  line 
broadening,  (B,  are  considered  to  be  additive. 


Ao,a,  =  ;8„= 


particle  size 


+  A 


(1) 


The  contribution  of  broadening  due  to  small 
particle  size  is  given  by  the  Scherrer  equation  while 
the  broadening  due  to  strain  is  represented  by 
differentiation  of  the  Bragg  law. 

0.94A 

(2) 


Table  1 

Powder  X-ray  diffraction  of  electrodeposited  S-Bi^O,^ 


(hkl) 

<y-Spacing  (A) 

2-Theta  (degrees) 

Relative  intensity  (%) 

(111) 

3.193 

27.94 

100 

(200) 

2.766 

32.37 

46 

(220) 

1.956 

46.43 

47 

(311) 

1.668 

55.07 

50 

(222) 

1.597 

57.74 

12 

(400) 

1.383 

67.77 

6 

(331) 

1.269 

74.82 

16 

(420) 

1.237 

77.12 

13 

(422) 

1.129 

86.13 

10 

(511) (333) 

1.064 

92.81 

13 

“Positions  calculated  using  crystallographically  determined  precision  lattice  parameter  (a  =  5.531  A)  and  measured  relative  intensities 
observed  in  the  room-temperature  powder  X-ray  diffraction  pattern  for  electrodeposited  8-Bi.O^  using  a  CuKa  (A=  1.5418  A)  source. 
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Fig.  2.  Williamson-Hall  plot  for  8-Bi203  from  X-ray  powder  pattern.  A  particle  size  of  70  nm  was  obtained  from  the  y-interccpt  of  the  plot, 
while  the  strain  {Mid)  was  determined  from  the  slope  of  the  line  to  be  1.8  X  10~'\  Linear  regression  gave  a  correlation  coefficient  of  0.97. 
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The  total  broadening  is  the  measured  fwhm 

in  radians,  corrected  for  instrumental  broadening. 
The  X-ray  wavelength  of  the  source  (CuKa= 0.154 
nm)  is  given  by  A,  t  is  the  particle  size,  and  ^dfd 
represents  the  strain.  Multiplying  both  sides  of  Eq. 
(2)  by  cos  d  gives  the  final  form, 


0.94X 

cos  e  =  — ^ —  +  4  sm  e(Ad/d)  (3) 

which  is  used  to  calculate  the  particle  size  and  strain 
for  8-Bi203  from  a  plot  of  cos  0  versus  sin  6, 
as  shown  in  Fig.  2.  Using  the  y-intercept  obtained 
from  linear  regression  of  the  broadening  as  a  func¬ 
tion  of  diffraction  angle,  we  obtained  a  particle  size 
of  70  nm.  The  slope  of  the  fitted  line  gives  a  strain  of 
1.8X10~^  in  the  powder.  The  nanocrystalline  nature 
of  these  films,  as  well  as  the  strain  observed,  may 
help  explain  the  stabilization  of  the  fee  structure  for 
Bi203  at  room  temperature. 

We  have  also  used  the  electrochemical  chemical 
quartz  crystal  microbalance  (EQCM)  as  an  in  situ 
monitor  of  8-Bi203  film  growth.  The  EQCM  allows 
for  the  determination  of  minute  mass  changes,  down 
to  the  sub-nanogram  range,  by  monitoring  the  fre¬ 
quency  response  of  a  quartz  oscillator  during  the 
electrodeposition  process.  The  piezoelectric  device, 
coated  with  Au,  was  used  as  the  working  electrode 
during  the  electrodeposition  of  8-Bi203.  The  Sauer- 
brey  equation  [Eq.  (4)]  describes  the  mass-frequency 
relationship  for  the  EQCM. 


A/  = 


-  2/o  Am 


(4) 


The  measured  frequency  shift  is  given  by  A/,  is 
the  resonant  frequency  of  the  oscillator  (9  MHz),  Am 
is  the  mass  change,  p  is  the  density  of  quartz  (2.648 
g/cm^),  /X  is  the  shear  modulus  of  quartz  (2.947  X 
10^^  dyn/cm^),  and  A  is  the  piezoelectrically  active 
area. 

Fig.  3  shows  the  potential  transient,  the  mass 
accumulated  at  the  electrode,  and  the  calculated 
thickness  of  a  8“Bi203  film  during  electrodeposition 
at  a  constant  anodic  current  density  of  5  mA/cm^. 
The  crystallographic  density  of  8-Bi203  (9.17  g/ 
cm^),  was  used  in  conjunction  with  the  mass  de¬ 
posited  to  calculate  the  thickness  of  the  film,  assum¬ 
ing  the  film  to  be  100%  dense.  After  an  initial 


Fig.  3.  In-situ  monitoring  of  8-Bi203  electrodeposition.  Part  A 
shows  the  potential  transient  vs.  a  Ag/AgCl  reference  electrode  at 
a  constant  anodic  current  density  of  5  mA/cm^.  Part  B  shows  the 
mass  accumulated  at  the  electrode  surface  as  a  function  of 
deposition  time  as  determined  with  the  EQCM.  Part  C  shows  the 
thickness  of  the  electrodeposited  8-Bi203  film  as  calculated  from 
the  EQCM  data  and  the  crystallographic  density  of  8-Bi203  (9.17 
g/cm^). 


induction  period,  the  potential  increases  sharply  as 
mass  begins  accumulating  on  the  electrode.  As  the 
deposition  proceeds  there  is  a  gradual  decrease  in  the 
rate  of  deposition,  as  evidenced  by  the  decrease  in 
slope  in  parts  B  and  C  of  Fig.  3.  This  is  most  likely 
due  to  a  competing  reaction  of  oxygen  evolution  at 
the  working  electrode. 

At  this  point,  the  mechanism  of  8-Bi203  deposi¬ 
tion  has  not  been  clearly  elucidated.  Pourbaix  has 
suggested  that  under  strongly  alkaline  conditions  the 
Bi(III)  species  existing  in  solution  is  Bi02  and  that 
Bi(III)  can  be  oxidized  to  Bi(V)  through  electrolytic 
means  [29].  We  propose  the  following  possible 
mechanism. 

2Bi02  +  20H"  ^Bi205  +  H2O  +  4e 


(5) 
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Bi205->8-Bi203  +  O2  (6) 

In  Eq.  (5)  we  show  the  oxidation  of  the  solution 
species  to  bismuth(V)  oxide.  This  film  then  under¬ 
goes  an  internal  redox  reaction,  decomposing  to  form 
8-Bi203  while  evolving  oxygen  gas.  In  agreement 
with  this  mechanism,  if  the  deposition  is  carried  out 
at  temperatures  between  50°C  and  room  temperature, 
reddish-brown  amorphous  films  are  obtained  on  the 
electrode  surface.  The  color  is  consistent  with  that  of 
bismuth(V)  oxide  [30]  and  the  films  also  give  a 
positive  iodometric  response.  Assuming  this  mecha¬ 
nism,  the  instantaneous  current  efficiency  of  the 
deposition  process  was  calculated  as  a  function  of 
thickness  as  shown  in  Fig.  4.  From  a  maximum 
current  efficiency  of  approximately  55%  during  the 
early  stages  of  deposition,  the  current  efficiency  falls 
off  to  a  value  of  approximately  2%  at  5000  s.  This 
falloff  may  be  due  to  a  competing  reaction,  the 
evolution  of  oxygen  at  the  working  electrode,  which 
is  shown  in  Eq.  (7). 

40H“^02  +  2H20  +  4e"  (7) 

Vigorous  gas  evolution  was  observed  at  the  work¬ 
ing  electrode  surface  during  the  later  stage  of  film 


deposition,  consistent  with  Eq.  (7).  The  nominal 
thickness  of  this  film,  grown  for  5000  s,  is  2  p.m. 
Because  the  current  efficiency  decreases  with  deposi¬ 
tion  time,  it  is  not  possible  under  the  present 
conditions  to  grow  films  with  a  thickness  much 
larger  than  2  p.m. 

The  XRD  pattern  for  the  film  used  in  the  EQCM 
experiments  is  shown  in  Fig.  5.  The  substrate  is  a 
gold-coated  EQCM  electrode,  used  as  received  from 
the  manufacturer.  The  gold  film  shows  a  strong 
(111)  preferred  orientation.  Fig.  5  clearly  shows  that 
the  8-Bi203  also  has  a  strong  (111)  orientation 
suggestive  of  an  epitaxial  relationship  between  Au 
and  the  electrodeposited  film.  A  SEM  micrograph  of 
a  cross-section  of  the  6-Bi203  film  is  shown  in  Fig. 
6.  The  cross-section  reveals  a  columnar  microstruc¬ 
ture,  consistent  with  a  highly  oriented  thin  film. 
Several  cross-sectional  images,  obtained  from  differ¬ 
ent  regions  of  the  film,  revealed  that  the  film  has 
good  thickness  uniformity.  The  film  thickness,  de¬ 
termined  from  the  SEM  micrograph,  is  approximate¬ 
ly  2  p,m.  This  is  in  good  agreement  with  the  value 
calculated  from  the  EQCM  data.  In  order  to  de¬ 
termine  the  crystallite  sizes  present  in  the  film,  an 
image  of  the  surface  of  the  film  was  obtained  with  an 
AFM  operated  in  the  contact  mode  as  shown  in  Fig. 


Fig.  4.  Current  efficiency  of  the  8-Bi203  electrodeposition  process  as  a  function  of  film  thickness.  The  current  efficiency  was  determined 
using  EQCM  data,  the  applied  current  density,  and  the  proposed  mechanism  given  in  the  text.  The  fall  off  in  current  efficiency  reveals  that 
the  films  can  be  grown  only  to  a  nominal  thickness  of  2  |jLm. 
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Fig.  5.  XRD  pattern  of  a  S-BijOj  deposited  onto  a  (lll)-textured  Au  EQCM  electrode.  Comparison  of  this  pattern  with  that  shown  in  Fig. 
1  reveals  that  the  8-Bi203  has  a  strong  (111)  preferred  orientation,  suggestive  of  an  epitaxial  relationship  between  Au  and  S-Bi^Oj. 


Fig.  6.  SEM  cross-sectional  image  of  S-Bi^Oj  electrodeposited 
onto  a  (lll)-textured  Au  EQCM  electrode.  The  image  shows  a 
high  degree  of  columnar  growth,  typical  of  textured  films.  The 
thickness  of  the  film  as  determined  by  SEM  agrees  well  with  that 
calculated  from  the  EQCM.  The  bar  marker  is  750  nm. 


7.  The  average  crystallite  size  was  65  ±6  nm,  which 
is  in  agreement  with  the  particle  size  obtained  from 
Williamson-Hall  analysis  of  the  8-Bi203  powder 
sample  discussed  earlier.  EDS  showed  no  evidence 
of  K  incorporation  in  the  8-Bi203  film,  consistent 
with  the  structure  being  stabilized  due  to  small 
crystallite  size  and  not  to  the  presence  of  dopants. 
Standardless  quantification  of  the  0/Bi  ratio  by  EDS 
gave  a  stoichiometry  of  Bi202.9. 

Although  there  is  the  hint  of  an  epitaxial  relation¬ 
ship  between  Au  and  8-Bi203  seen  in  Fig.  5,  in  order 
to  confirm  this  relationship  it  is  necessary  to  show 
that  the  two  materials  have  both  in-plane  and  out-of¬ 
plane  alignment.  This  was  accomplished  by  elec- 
trodepositing  8-Bi203  onto  a  Au(llO)  single  crystal 
substrate.  The  6-26  pattern  for  a  8-Bi203  film 
grown  on  a  Au(llO)  single  crystal  is  shown  in  Fig. 

8.  For  the  Au  substrate,  only  the  (220)  reflection  is 
observed  over  the  diffraction  angles  shown.  The 
8-Bi203  shows  mainly  the  (220)  and  (440)  reflec¬ 
tions,  indicating  that  there  is  a  strong  out-of-plane 
epitaxial  relationship.  It  has  been  suggested  that  the 
high-temperature  form  of  8-Bi203  has  a  primitive 
cubic  as  opposed  to  a  face  centered  cubic  structure 
[31].  The  observation  of  mixed  index  reflections 
would  preclude  a  face  centered  cubic  structure  for 
our  material,  as  these  reflections  are  symmetry 
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Fig.  7.  Contact  AFM  image  of  the  surface  of  an  electrodeposited  film  grown  on  a  (111)  textured  Au  EQCM  electrode.  The  scan 

size  is  1.0  |xm  in  both  directions.  The  average  particle  size  is  65±6  nm. 


2-theta  (degrees) 


Fig.  8.  XRD  pattern  of  a  B-Bi^O,  film  electrodeposited  onto  a  Au(llO)  single  crystal.  The  B-Bi^O^  shows  a  strong  (110)  out-of-planc 
orientation,  following  the  orientation  of  the  Au  single  crystal.  The  absence  of  the  (110)  reflection  for  Bi,0,  precludes  the  B-Bi,0,  stmeture 
from  being  primitive  cubic. 
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Fig.  9.  Evidence  for  in-plane  orientation  in  electrodeposited  8-61203.  Part  A  show.s  the  azimuthal  scan  for  the  (200)  8-Bi,03  reflection  for  a 
film  deposited  onto  single  crystal  Au(l  10).  The  azimuthal  scan  shows  the  expected  two-fold  symmetry  and  shows  a  high  degree  of  in-plane 
orientation.  Part  B  shows  the  azimuthal  scan  for  the  (200)  reflection  of  the  Au(l  10)  single  crystal  substrate.  Two-fold  symmetry  is  again 
observed,  although,  comparing  parts  A  and  B,  the  peaks  of  8-Bi203  are  rotated  90°  relative  to  the  Au  substrate.  For  both  azimuthal  scans, 
the  sample  was  tilted  at  an  angle  of  45°  to  bring  the  (200)  reflections  into  the  Bragg  condition.  Part  C  shows  an  interface  model  for  epitaxial 
growth  of  8-Bi203  on  Au.  The  S-Bi^Oj  overlayer  (bismuth  atoms  represented  as  dark  balls)  is  rotated  90°  relative  to  the  Au  substrate.  This 
(1  X  l)Bi203(l  10)[1 10]//(2X  l)Au(110)[i00]  coincidence  lattice  reduces  the  lattice  mismatch  from  35.4%  to  -4.2%. 
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forbidden.  However,  there  is  no  evidence  of  a  (110) 
reflection  for  epitaxial  S-Bi^O^  as  the  baseline  noise 
at  the  expected  spacing  for  the  (110)  reflection  is  less 
than  0.1%  of  the  intensity  seen  for  the  (220)  6-Bi203 
reflection.  Therefore,  our  material  is  rigorously  face- 
centered-cubic. 

If  there  is  a  true  epitaxial  relationship  between 
film  and  sample,  the  film  grown  on  single  crystal  Au 
should  also  show  evidence  of  in-plane  orientation. 
The  in-plane  (parallel  to  the  substrate)  orientation  of 
the  8-Bi203  film  on  (110)  single  crystal  Au  was 
examined  by  performing  azimuthal  (</>)  X-ray  scans. 
In  order  to  bring  other  reflections,  besides  the  (110) 
family,  into  the  Bragg  condition,  it  is  necessary  to  tilt 
the  sample  at  an  appropriate  angle.  For  the  present 
sample,  in  order  to  observe  the  (100)  family  of 
reflections,  it  is  necessary  to  tilt  the  sample  at  an 
angle  of  45"",  which  corresponds  to  the  angle  between 
the  [100]  and  [110]  directions.  By  setting  20  equal  to 
32.39°,  which  corresponds  to  the  (200)  reflection  for 
8-Bi203,  and  rotating  the  tilted  sample,  an  azimuthal 
scan  is  obtained  as  shown  in  Fig.  9.  The  azimuthal 
scan  is  essentially  a  cross-section  of  the  pole  figure 
at  a  given  tilt  angle.  Part  A  of  Fig.  9  shows  the 
azimuthal  scan  for  the  (200)  reflection  of  8-Bi203. 
The  two-fold  symmetry  that  is  observed  is  proof  of 
in-plane  orientation  and  hence  the  epitaxial  relation¬ 
ship  between  film  and  substrate.  Part  B  shows  the 
azimuthal  scan  for  the  (200)  reflection  of  Au  {20  = 
44.39°),  which  was  also  obtained  at  a  tilt  angle  of 
45°.  As  expected,  two-fold  symmetry  is  observed  in 
the  (f)  scan,  however  the  film  peaks  of  part  A  are 
rotated  90°  relative  to  the  substrate  peaks  of  part  B. 
This  is  explained  by  examining  closely  the  lattice 
mismatch  of  the  system.  By  only  comparing  the 
lattice  parameters  of  Au  and  8-Bi203,  a  lattice 
mismatch  of  35.4%  is  calculated.  This  mismatch  is 
so  large  that  any  epitaxial  relationship  between  the 
two  would  be  extremely  unlikely.  However,  if  we 
compare  the  spacing  between  Au  atoms  along  the 
[100]  direction  (0.40786  nm),  and  the  spacing  of  Bi 
atoms  along  the  [110]  direction  (0.3907  nm),  the 
lattice  mismatch  is  much  smaller  (-4.2%).  This 
situation  requires  rotation  of  the  film  90°  relative  to 
the  substrate,  forming  a  (1  X  l)Bi203(l  I0)[1 10]/ 
/(2X  l)Au(l  10)[100]  coincidence  lattice,  a  repre¬ 
sentation  of  which  is  shown  in  Fig.  9c.  We  have 
examined  other  samples  grown  on  the  other  low- 


index  faces  of  single  crystal  Au  substrates,  with 
these  revealing  much  more  complicated  epitaxial 
relationships  [22].  The  epitaxial  relationship  between 
fee  Au  and  B-Bi203  may  stabilize  the  fee  phase  at 
room  temperature  by  a  template  effect. 


4.  Conclusions 

We  have  shown  that  thin  films  of  8-Bi203  can  be 
electrodeposited  directly  from  an  alkaline  Bi(III) 
tartrate  solution.  Normally  observed  only  between 
the  temperatures  of  729  and  825°C,  the  electrodepo¬ 
sited  8-Bi203  films  in  this  study  are  stable  at  room 
temperature.  This  unexpected  stability  of  the  high 
temperature  phase  may  be  due  to  the  nanocrystal  line 
nature  of  the  films.  The  films  may  also  be  epitaxially 
stabilized,  as  observed  by  the  formation  of  a  co¬ 
incidence  lattice  of  8-Bi203  on  single-crystal 
Au(llO).  These  films  should  be  of  great  interest, 
since  8-Bi203  has  the  highest  oxide  ion  conductivity 
of  any  material  studied  to  date. 
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Abstract 

A  wide  range  of  manganese  oxides  is  under  study  for  possible  use  as  the  cathode  of  high  energy  density  batteries.  The 
spinel,  LiMn204,  although  the  most  studied  has  a  relatively  low  energy  density  and  appears  unstable  under  charge.  This 
review  emphasizes  non-spinel  oxides,  in  particular  those  with  layered  or  tunnel  structures  that  offer  enhanced  behavior  in 
lithium  ion  and  lithium  polymer  cells.  A  major  focus  is  on  stabilizing  these  manganese  oxide  structures  against  conversion  to 
the  spinel  phase.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Manganese  oxide;  Spinel;  Cubic  close  packing;  Metastable  phase;  Pillars 


1.  Introduction 

The  use  of  intercalation  compounds  as  electrodes 
in  lithium  batteries  began  about  20  years  ago.  The 
prototypical  intercalation  compound  is  titanium  di¬ 
sulfide,  which  has  been  extensively  studied  [1,2]  as 
the  cathode  in  high  energy  density  lithium  batteries. 
However,  even  though  TiSj  is  one  of  the  few  solid 
cathode  materials  that  can  sustain  current  densities  of 
the  order  of  5-10  ma/cm^,  as  required  for  many 
applications,  its  voltage  is  insufficiently  high  when 
combined  with  a  lithium  alloy  or  carbon  anode  even 
for  the  new  generation  of  2  volt  electronic  devices. 
LiCo02  [3],  as  used  in  the  commercial  SONY  Li- 
lON  cell,  can  provide  the  desired  voltage,  but  is  too 
expensive  for  large  scale  applications  and  only 
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cycles  0.5  Li.  Thus,  new  cathode  materials,  which 
combine  the  reversibility  and  current  drain  capa¬ 
bilities  of  TiS2  with  the  electrode  potential  of  oxides 
such  as  LiCo02  are  desired. 

In  the  last  10  years  much  effort  has  been  focussed 
on  manganese  because  of  its  low  cost,  low  toxicity 
and  familiarity  to  the  battery  field.  This  has  centered 
on  the  spinel  phase,  LiMn204  and  on  several  layered 
manganese  oxides.  The  spinel  phase  cycles  well  only 
for  0.5  Li/Mn,  and  has  stability  problems  at  elevated 
temperatures;  work  in  this  area  has  been  the  subject 
of  reviews  by  Thackeray  [4]  and  Tarascon  [5].  The 
layered  manganates,  with  the  same  structure  as 
LiCo02  have  been  studied  by  Piffard  [6,7],  Whittin¬ 
gham  [8-12],  Bruce  [13],  Delmas  [14,15]  and  Bach 
et  a].  [16-18].  The  lithium  content  of  the  synthesized 
material  can  vary  from  x  =  0  to  1  in  Li^Mn02, 
depending  on  the  synthesis  approach  used;  j  is 
around  0.5  in  aqueous  based  preparations  and  can 
approach  unity  in  non-aqueous  based  ion-exchange 
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X  in  Li  MnO^ 

X  2 

Fig.  1.  Cell  voltages  of  the  layered  and  .spinel  phases  of  man¬ 
ganese  oxide,  data  from  Bruce  and  Whittmgham  labs,  from  [19]. 

reactions  from  Na^Mn02.  These  researchers  all 
showed  that  these  layered  phases  can  be  cycled,  but 
that  the  capacity  fades  with  time.  This  appears  to  be 
due  to  diffusion  of  manganese  leading  to  the  spinel, 
or  spinel-like  phases  [10].  Fig.  1  shows  the  variation 
of  potential  with  lithium  content,  which  indicates  the 
higher  stability  of  the  spinel  phase  at  low  lithium 
contents  [19].  Critically  it  indicates  that  in  the 
layered  material  more  than  0.8  Li  can  be  cycled  over 
less  than  a  0.5  volt  range.  Recent  studies  [10] 
suggest  that  layered  manganates  can  be  stabilized  by 
pillaring  with  cations  that  are  larger  than  both 
lithium  and  manganese;  these  pillars  appear  to 
impede  the  diffusion  of  manganese  ions  into  the 
interlayer  region  because  of  the  energetically  un¬ 
favorable  sites  present. 


2.0  -  : 

1.5  L......  I  I  .  I  I  . I . . 

-0.2  0.0  0.2  0.4  0.6  0.8  1.0  1.2 

X,  in  Li  VO 

X  y 

Fig.  2.  Ideal  behavior  for  a  lithium  battery  cathode,  from  fl9j. 


Thus,  a  search  is  on  to  find  manganese  oxides  that 
are  stable  over  the  full  range  from  Mn02  to  LiMn02, 
and  that  exhibit  the  ideal  cycling  characteristics 
shown  in  Fig.  2  [19]. 

2.  Manganese  dioxides 

Manganese  oxides,  with  the  approximate  Mn:0 
ratio  of  1:2,  form  a  wide  range  of  crystalline 
structures  as  shown  in  Fig.  3.  Many  of  these 
structures  are  stabilized  by  other  ions,  such  as 
lithium  in  the  spinel  LiMn204,  barium  in  the  hollan- 
dite  BaMnj^Ojf,,  or  potassium  in  cryptomelane 
KMUj^Oj^,  —  both  of  which  have  the  2X2  tunnel 
structure.  Many  of  these  structures  are  also  stabilized 
by  the  presence  of  protonic  species.  This  large 
variety  of  structures  almost  certainly  means  that  in 
the  compound  Li^Mn02,  a  variety  of  structures  will 
become  the  thermodynamically  stable  phase  as  the 
lithium  content  is  changed  over  the  range  of  0  <  jc  < 
1.  Moreover,  the  stable  phase  will  also  change  with 
temperature,  so  that  the  phase  formed  under  elevated 
temperature  conditions  may  not  be  stable  at  room 
temperature.  In  addition,  the  oxygen  content  will  in 
some  cases  also  be  a  function  of  temperature  as 
pointed  out  by  Delmas  [20].  In  the  following  sec¬ 
tions,  recent  electrochemical  data  is  discussed  for  a 
cross-section  of  these  structures. 


3.  Layered  structure  manganese  dioxides 

Fig.  4  shows  the  cycling  behavior  of  layer  struc¬ 
ture  K^Mn02  in  lithium  cells,  and  Fig.  5  compares 
the  capacity  on  cycling  of  Li^Mn02,  Na^Mn02  and 
K^Mn02  [10].  We  found  that  the  magnesium  and 
rubidium  analogs  have  inferior  behavior.  In  similar 
cells  the  spinel  LiMn204,  loses  capacity  even  faster 
when  cycled  in  the  3  volt  regime  than  layered 
LiMn02.  Whereas  lithium  ions  are  in  octahedral 
coordination  between  the  Mn02  sheets  in  Li^Mn02, 
potassium  ions  are  not,  thus  the  oxygen  ion  arrange¬ 
ment  is  no  longer  cubic  close  packed  as  in  the  spinel 
phase.  Thus,  it  will  be  necessary  for  the  oxygen  ions 
as  well  as  the  manganese  ions  to  diffuse  in  order  for 
the  structure  to  convert  to  the  spinel  structure  on 
cycling  in  lithium  cells.  This  may  explain  in  part  the 
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X  in  Li  K  MnO 

X  0.27  2 


Fig.  4,  Cycling  behavior  of  layered  potassium  manganate.  from 
[10]. 


Cycle 


Fig.  5.  Capacity  as  a  function  of  cycle  for  Li ^ MnO,,  Na^MnO, 
and  K^MnO,,  from  [10]. 

added  stability  of  the  K^Mn02  structure  relative  to 
spinel.  As  noted  earlier,  an  array  of  hexagonal  close 
packed  oxygen  layers  in  Li^Mn02  would  certainly 
inhibit  conversion  to  the  cubic  close-packed  oxygen 
layers. 

This  K^.Mn02  was  formed  hydrothermal ly  by 
reaction  of  aqueous  potassium  permanganate  solu¬ 
tions  at  170°C.  We  have  determined  the  structure  of 
this  K()  27Mn02  *  nH20  [8],  The  manganese  ions  are 
in  octahedral  coordination,  just  like  the  titanium  in 
KTiS2,  and  the  oxygen  sheets  shift  to  give  trigonal 
prismatic  sites  in  the  interlayer  region  unlike  in 
Li^.TiS2  or  Li^.Mn02  where  the  anion  sheets  give 
octahedral  coordination  for  the  lithium.  The  structure 
is  trigonal,  space  group  R3m,  with  hexagonal  axes 
a  =  2.849(8),  c  =  21.536(7)  A;  3  Mn  in  3a  0  0  0  and 
6  0  in  6c  0  0  0.039(3).  The  K  and  H2O  mix  with  a 
fixed  ratio  of  1:2  on  position  9d  1/2  0  1/2  between 
the  Mn02  layers;  thus,  this  atom  is  placed  not  in  the 
center  of  a  trigonal  prism  but  on  its  face. 


Potassium  forms  a  range  of  compounds  with 
manganese  dioxide,  K^Mn02  that  depend  on  potas¬ 
sium  content  temperature  of  preparation  and  oxygen 
content  [20].  These  phases  are  shown  in  Fig.  6.  At 
the  highest  temperatures,  KMn02  is  formed  but  in 
contrast  to  the  Na^Mn02  and  K.TiS,  systems  the  1:1 
compo.sition  is  not  a  layered  compound  but  rather  is 
composed  of  ]VIn02  chains  held  together  by  potas¬ 
sium  ions  [21].  Studies  are  underway  to  determine  its 
ion-exchange  and  electrochemical  behavior  in 
lithium  cells  [22].  The  K()2Mn02  phase  appears  to 
be  a  line  phase.  At  jc  =  0.25  the  cryptomelanc 
(hollandite)  framework  is  formed,  K  oMn^Oj^^. 
However,  under  hydrothermal  conditions  a  layered 
structure  is  formed  in  this  same  composition  range 
[8].  At  intermediate  values  two  layered  phases  are 
formed,  a  three  block  structure  and  a  two-block 
structure.  In  both,  the  manganese  ions  are  in  octahed¬ 
ral  sites,  whereas  the  potassium  ions  are  in  trigonal 
prismatic  sites.  The  stacking  sequence  is  AbAc- 
BaBcA  or  AbAcBcBaCaCbA,  with  the  former  hav¬ 
ing  no  cations  immediately  above  or  below  each 
other  in  neighboring  layers. 

The  hydrothermal  ly  formed  hydrated  K^  Mn02  * 
nH20  is  a  three  block  structure.  However,  a  2-block 
hydrated  structure  has  been  formed  by  heating 
KMnO^  with  Mn02  at  elevated  temperatures  fol¬ 
lowed  by  a  water  wash  to  remove  soluble  phases 
[23].  Almost  certainly  the  Delrnas  K()^Mn02  phase 
[20]  is  formed  first,  and  in  the  subsequent  water 
wash  potassium  is  leached  out  just  as  noted  for 
Na^Mn02  [10]  and  Li,TiS2  [2]. 

Delrnas  reported  [20]  that  there  is  a  reduced 
oxygen  content  in  K^Mn02  and  Na^Mn02  phases 
formed  above  400°C.  When  these  high  temperature 
formed  materials  are  annealed  in  oxygen  below 
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400°C,  there  is  an  oxygen  uptake  of  0.12  0/Mn  for 
KQ  5Mn02  (3  block)  formed  at  450°C  and  0.16  for 
Kq  55Mn02  (2  block)  formed  at  700°C 

Thus,  if  manganese  oxides  are  made  by  ion-ex¬ 
change  from  the  sodium  or  potassium  analogs  from 
samples  synthesized  at  high  temperatures  then  the 
oxygen  composition  will  depend  on  the  precursor 
synthesis  conditions.  Fig.  7  [9]  shows  a  range  of 
synthetic  approaches  to  the  synthesis  and  reactions  of 
manganates.  The  central  reaction  schemes  represent 
the  hydrothermal  approach.  The  initially  formed  one 
water  layer  structure  can  be  swelled  incorporating  a 
second  water  layer  for  ions  like  sodium  or  mag¬ 
nesium.  These  two  compounds  have  the  miner- 
alogical  names  bimessite  and  buserite.  The  two  layer 
swelled  structure  can  then  readily  exchange  its 
cations  for  long  chain  alkylammonium  ions  [24], 
much  like  the  vermiculites  and  the  layered  disulfides. 

The  left  side  of  Fig.  7  shows  what  has  become 
known  as  the  sol-gel  synthesis  approach.  An  amor¬ 
phous  manganese  oxide  is  first  made  by  the  reduc¬ 
tion  of  permanganate  by  organics  such  as  fumaric 
acid  [18,25]  and  sugars  [26]  or  by  inorganics  such  as 
iodides  [8].  This  gel  is  then  heated  to  an  elevated 
temperature,  500~800°C  forming  a  layered  manga- 
nate.  The  Bordeaux  group  [20,27]  first  formed  these 


(CH3[CHJ„NH3),Mni.502 


Fig.  7.  Synthetic  routes  to  AMn02,  from  [9]. 


anhydrous  manganates  by  a  high  temperature  re¬ 
action  between  Mn02,  Mn203  and  A2O  and  showed 
that  they  had  a  range  of  composition,  e.g. 
Na^Mni_502  where  0.45  =  a:  =  0.67.  At  these  tem¬ 
peratures,  the  manganese  oxide  lattice  is  oxygen 
‘deficient’,  which  deficiency  can  be  diminished  by  an 
oxygen  anneal  around  400°C,  which  increases  the 
Mn^'^  content  and  converts  the  lattice  from  mono¬ 
clinic  to  hexagonal. 

We  have  discussed  the  use  of  pillars  to  stabilize 
the  Mn02  layer  structure.  Another  option  is  to  make 
the  layered  lithium  manganese  oxide  more  like 
LiCo02,  possibly  by  doping  with  cobalt,  iron  or 
nickel  to  give  for  example  Li^Mnj_^Co^02.  Several 
workers  have  very  recently  shown  enhanced  be¬ 
havior  using  this  approach.  Thus  Armstrong  [28] 
showed  enhanced  cycling  behavior  for 
LiMni_^,Co^02  with  y  =  10%,  with  a  capacity  main¬ 
tained  at  200  mAh/g  over  20  cycles  which  corre¬ 
sponds  to  0.7Li/Mn.  These  cobalt  substituted  sam¬ 
ples  were  made  by  ion-exchange  from  NaMn02 
synthesized  at  670°C;  the  Mn:0  ratio  in  the  starting 
material  was  not  reported.  The  substitution  of  cobalt 
or  iron  for  manganese  in  potassium  manganese 
dioxides,  K^Mn02,  caused  a  marked  enhancement 
by  two  orders  of  magnitude  of  the  conductivity  of 
the  manganese  oxide  [29,30],  as  shown  in  Fig.  8. 
The  conductivity  enhancement  was  independent  of 
whether  the  sample  was  prepared  under  hydrother¬ 
mal  conditions  at  170°C  or  by  solid  state  synthesis  at 
over  700°C.  This  conductivity  enhancement  may  be 
the  cause  for  the  suppression  of  the  Jahn-Teller 
distortion. 

3.1.  Tunnel  structures 

Manganese  oxide  forms  several  tunnel  structures, 
as  shown  in  Fig.  3;  these  have  2X2  (BaMngOj^- 
hollandite,  KMngO  1  ^-cryptomelane,  MUgO  ^ 

Mn02),  2X3,  and  3X3  (todorokite)  tunnels. 

One  interesting  tunnel  structure  is  that  commonly 
known  as  hollandite,  with  the  unit  formula 
M^Mn80i6.«H20.  This  is  the  same  2X2  tunnel 
structure  that  is  also  taken  up  by  a-Mn02.  M  is 
typically  a  large  cation  such  as  potassium  or  barium. 
These  cations,  however,  inhibit  the  in-diffusion  of 
lithium  ions.  Feng  et  al.  [31]  have  succeeded  in 
forming  the  hollandite  structure  with  just  protons  and 
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Fig.  8.  Conductivity  of  cobalt  doped  layered  manganese  oxides,  from  [30]. 


water  in  the  tunnel  by  the  reaction  between  lithium 
permanganate  and  manganese  (II)  nitrate  in  strong, 
^  8  M,  sulfuric  acid  at  100°C.  The  structure  is 
maintained  after  annealing  at  300°C.  In  an  electro¬ 
chemical  cell,  0.7  Li  can  be  reversibly  intercalated  at 
0.25  mA/cm^  at  an  average  potential  of  around  3 
volts  giving  an  capacity  of  230  mAh/g  to  a  cut-off 
of  2.0  volts;  this  decays  to  about  170  mAh/g  for  the 
3rd  to  10th  cycles.  This  is  much  better  stability  than 
that  observed  in  samples  formed  by  sulfuric  acid 
leaching  of  Li2Mn03  at  90°C  [32].  This  result  on  the 
2X2  structure  shows  the  inherent  reversibility  of 
manganese  oxides  when  conversion  to  the  spinel 
phase  is  inhibited. 

The  3X3  todorokite  structure  of  Mg^ 2MnO,  g  • 
O.6H2O,  has  been  shown  by  Nazar  [33]  to  cycle 
around  0.5  Li/Mn  at  low  current  densities  and 
cathodes  containing  50%  carbon.  This  is  close  to  the 
theoretical  capacity  of  0.6  Li/Mn. 

In  addition,  manganese  oxide  forms  a  complex 
tunnel  structure  with  sodium,  Na()44Mn02,  first 
reported  by  Parant  et  al.  [27],  which  has  the  structure 
of  Na4Mn4Ti50ij5  [34].  Some  recent  work  on  this 
group  of  manganese  oxides  suggests  that  excellent 
cycling  behavior  can  be  obtained  in  manganese 
oxides.  The  tunnel  compound,  Naj,  44Mn02,  has  been 
studied  in  sodium  and  lithium  cells  by  Doeff  et  al. 


[35,36]  and  shown  to  exhibit  good  reversibility.  At 
85°C  in  a  polymer  electrolyte  cell  Na^  ,4Mn02 
attained  140  mAh/g.  The  coordination  around  the 
manganese  changes  somewhat  as  sodium  is  replaced 
by  lithium  [37].  In  Naf)  44Mn02  the  manganese  has 
square  pyramidal  coordination  with  the  pyramidal 
Mn-0  bond  being  somewhat  long  at  2.33  A  com¬ 
pared  with  the  1.73  and  1.86  in  the  basal  plane, 
whereas  in  the  exchanged  and  partially  oxidized 
Lio  27Mn02  a  sixth  oxygen  comes  within  bonding 
distance  at  2.49  A.  Most  recently,  Armstrong  et  al. 
[38]  have  made  the  corresponding  lithium  compound 
by  complete  ion-exchange,  Li^  44Mn02,  and  reported 
a  capacity  of  85  mAh/g  without  fade  over  100 
cycles  when  cycled  between  3.6  and  2.8  volts.  These 
results  clearly  show  that  manganese  oxides  can  be 
stabilized  against  reversion  to  the  spinel  structure. 
However,  a  doubling  of  the  capacity  is  needed  for  a 
viable  system. 

3.2.  Disordered  structures 

Another  option  to  avoid  reversion  to  the  spinel 
structure  is  to  start  with  a  disordered  manganese 
oxide  structure,  akin  to  the  aerogel  vanadium  oxides. 
Smyrl  [39]  and  Manthiram  [40]  have  begun  studying 
such  materials. 
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4.  Conclusions 

A  range  of  pure  and  doped  manganese  oxides  have 
been  synthesized  in  an  attempt  to  form  the  next 
generation  cathode  for  high  energy  density  lithium 
batteries.  Some  clues  have  been  found  to  stabilize 
Mn02  over  a  range  of  lithium  content.  These  include 
pillaring  of  the  lattice  with  larger  cations  such  as 
potassium,  doping  the  lattice  with  other  transition 
elements  such  as  Co  or  Fe,  forming  stable  tunnel 
structures,  and  amorphous  structures.  Doping  of  the 
manganese  lattice  with  elements  to  enhance  its 
notoriously  poor  electrical  conductivity  appears 
promising  but  still  needs  studying  in  the  tunnel  and 
amorphous  materials. 
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Abstract 

The  so-called  brick  layer  model  is  frequently  used  to  analyze  impedance  spectra  of  polycrystalline  samples  with  highly 
resistive  grain  boundaries.  However,  the  basic  assumptions  of  the  model  (cubic  grains,  laterally  homogeneous  grain 
boundaries,  identical  properties  of  all  grain  boundaries)  are  usually  violated  in  real  ceramics.  To  investigate  the  impact  of 
some  deviations  from  the  brick  layer  model,  the  potential  distributions,  and  thus  the  impedance  of  polycrystals,  have  been 
calculated  by  the  finite  element  method.  The  results  show  that  bulk  properties  can  distinctly  influence  the  size  and  shape  of 
the  so-called  ‘grain  boundary  semicircle’,  particularly  for  laterally  inhomogeneous  grain  boundaries  and  for  properties 
varying  from  boundary  to  boundary.  Depressions  of  the  grain  boundary  semicircle  solely  due  to  a  non-brick-layer 
microstructure  are  observed.  The  validity  and  limits  of  the  brick  layer  model  are  discussed.  ©  2000  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Grain  boundaries;  Microstructure;  Impedance;  Electrical  properties;  Brick  layer  model;  Potential  distribution 


1.  Introduction 

Highly  resistive  grain  boundaries  are  of  great 
technological  importance  with  regard  to  the  overall 
electrical  properties  of  polycrystalline  materials  and 
can  play  a  desired  functional  role  in  semiconducting 
electroceramic  devices  such  as  varistors,  thermistors 
and  capacitors  [1,2].  On  the  other  hand,  for  many 
applications  of  solid  electrolytes  (e.g.  fuel  cells, 
oxygen  pumps  or  electrochemical  reactors)  the  over¬ 
all  conductivity  of  the  electroceramic  material  should 
be  as  high  as  possible  and  highly  resistive  grain 
boundaries,  such  as  those  found  in  oxygen  conduct- 
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ing  membranes  of  zirconia  [3-7],  are  distinctly 
unwelcome. 

Impedance  spectroscopy  is  an  important  tool  to 
investigate  the  electrical  properties  of  highly  resistive 
grain  boundaries  since  the  grain  boundaries  frequent¬ 
ly  cause  an  additional  semicircle  in  the  complex 
impedance  plane  [3-7].  In  order  to  analyze  and 
interpret  the  spectra  a  brick  layer  model  (Fig.  la)  is 
usually  applied  assuming  cubic  grains  and  laterally 
homogeneous  as  well  as  identical  grain  boundaries. 
However,  these  brick  layer  assumptions  are  more  or 
less  violated  in  real  ceramics  and  a  detailed  in¬ 
vestigation  of  the  impact  of  such  deviations  on  the 
overall  impedance  is  still  missing. 

In  this  contribution  an  overview  of  impedance 
effects  caused  by  some  important  deviations  from  the 
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Fig.  1.  Sketch  of  the  brick  layer  model  (a)  and  important  deviations  in  real  materials  as  considered  in  this  contribution:  (b)  non-cubic  grains 
(here  in  2D);  (c)  laterally  inhomogeneous  grain  boundaries  (here  in  3D);  (d)  grain  boundary  properties  differing  from  grain  to  grain 
according  to  the  probability  distribution  of  the  grain  boundary  conductivity  (here  in  2D).  In  the  brick  layer  approach  (a)  highly  resistive 
grain  boundaries  perpendicular  to  the  electrodes  can  be  neglected  leading  to  the  equivalent  circuit  shown  in  (a). 
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brick  layer  model  is  given,  while  a  detailed  analysis 
of  some  special  aspects  is  presented  elsewhere  [8- 
10].  Particularly,  we  consider:  (i)  deviations  from  the 
cubic  grain  shape;  (ii)  the  influence  of  imperfect 
contacts  between  the  grains;  and  (iii)  the  impact  of  a 
distribution  of  different  grain  boundaries  in  the 
crystal  (Fig.  1).  Moreover,  some  conditions  are 
discussed  within  which  the  brick  layer  model  is  a 
useful  tool  to  estimate  electrical  properties  of  grain 
boundaries. 


2.  Model  considerations 

The  potential  distribution  within  a  polycrystal  is 
obtained  by  solving  Laplace’s  equation  for  the 
electrical  potential  {(p).  The  impedance  in  a  sample 
with  bulk  conductivity  and  permittivity 
can  be  calculated  by  integrating  the  complex  current 
density,  j  =  —  ((7  +  io)s)gr2id{<pX  along  an  electrode. 
Grain  boundaries  are  assumed  to  exhibit  an  effective 
thickness  and  an  effective  conductivity  o-g^.  The 
microscopic  reason  for  the  blocking  character  of  the 
grain  boundary  (e.g.  core  effects,  space  charge 
effects  or  a  second  phase)  is  not  considered  in  this 
work. 

In  the  case  of  the  two-dimensional  calculations  of 
different  grain  boundary  patterns  (Section  3.1) 
identical  grain  boundary  conductivity  and  thickness 
were  assumed  for  all  grain  boundaries.  In  Section 
3.2,  in  which  the  three-dimensional  simulations  of 
imperfect  grain-to-grain  contacts  are  discussed,  the 
properties  vary  along  a  single  grain  boundary:  the 
grain  boundary  conductivity  is  assumed  to  be  zero 
for  an  insulating  grain  boundary  phase  (e.g,  a  solid 
phase  or  pores,  Fig.  Ic)  and  non-zero  for  the 
contacted  region.  In  Section  3.3  (two-dimensional 
simulations)  a  variation  in  the  conductivity  from 
grain  boundary  to  grain  boundary  was  considered, 
using  different  probability  distributions  of  (cf. 
Fig.  Id). 

The  numerical  solution  was  computed  using  the 
finite  element  software  ‘FLUX-EXPERT’  from 
Simulog  (1  Rue  James  Joule,  78280  Guyancourt 
Cedex,  France).  The  grain  boundaries  may  be  taken 
into  account  via  so-called  ‘interfacial  elements’ 
[9,11].  Further  details  on  such  calculations  are  given 
in  Refs.  [9,12]. 


3.  Results  and  discussion 

3.1.  The  influence  of  different  grain  boundary 
patterns 

To  examine  the  influence  of  the  microstructure, 
FE-calculations  in  two  dimensions  were  performed. 
A  general  principle  may  improve  the  experimental¬ 
ists’  prediction  of  the  possible  impact  a  given 
microstructure  will  have  on  the  impedance:  if  pos¬ 
sible,  current  lines  make  detours  around  hindrances, 
i.e.  resistive  grain  boundaries.  This  leads  to  an 
interesting  observation.  Detours  are  ‘easy’  for  high 
bulk  conductivity,  and  excess  grain  boundaries  are 
avoided.  However,  detours  are  ‘difficult’  for  low 
bulk  conductivity,  and  additional  grain  boundaries 
must  be  passed,  leading  to  a  greater  grain  boundary 
resistance  than  for  the  case  of  high  [9].  Hence, 
the  low-frequency  semicircle  of  the  impedance  spec¬ 
trum,  which  is  usually  exclusively  interpreted  in 
terms  of  grain  boundary  properties,  can  also  be 
influenced  by  properties  of  the  grain  interior. 

Such  detour-effects  can  play  an  important  role  in 
real  ceramics,  particularly  if  broad  grain  size  dis¬ 
tributions  exist  or  if  the  grain  size  distribution  is 
spatially  inhomogeneous.  This  is  illustrated  for  a 
sample  with  inhomogeneous  grain  size  distribution, 
as  shown  in  Fig.  2  (consisting  of  some  7-jxm  large 
grains  and  agglomerations  of  smaller  grains  with 
l-(xm  grain  size).  A  simple  calculation  of  an  average 
grain  size  by  counting  the  grains  per  area  leads  to  a 
value  of  1.94  |jLm.  The  low-frequency  semicircle  as 
obtained  by  finite  element  calculations  is  considera¬ 
bly  smaller  than  predicted  by  the  brick  layer  model 
for  a  grain  size  of  1.94  |jLm  (see  Fig.  2).  As  a 
consequence,  the  calculation  of  a  meaningful  average 
grain  size  requires  a  weighting  in  favour  of  large 
grains. 

This  can  easily  be  understood  from  a  plot  of  the 
magnitude  of  the  d.c.  current  density  (Fig.  3a):  the 
current  by-passes  the  regions  of  high  grain  boundary 
density  and  thus  the  inhomogeneous  current  dis¬ 
tribution  prefers  large  grains.  However,  this  changes 
for  relatively  low  bulk  conductivity  since  detours 
become  more  difficult  and  a  much  more  homoge¬ 
neous  current  distribution  results  as  shown  in  Fig. 
3b.  Hence  the  ‘grain  boundary  resistance’  as  ob¬ 
tained  from  the  low-frequency  semicircle,  depends 
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Fig.  2.  Artificial  microstructure  representing  the  case  of  an 
inhomogeneous  grain  size  distribution  (agglomeration  of  smaller 
grains)  and  the  resulting  impedance  spectrum  as  calculated  by  the 
finite  element  method.  For  comparison  the  spectrum  calculated  by 
assuming  a  brick  layer  model  of  1.94  ixm  grain  size  is  plotted  as 
well.  The  grain  boundary  properties  are:  <j^^  =  4X  10"'^  l/H,  grain 
boundary  thickness  =  2.8  nm,  permittivity 
ductivity  ^  (Pl^^ise  note,  that  in  2D  the  unit  of  a 

conductivity  is  I/O.) 

not  only  on  the  conductivity  of  the  highly  resistive 
grain  boundaries  but  also  on  the  bulk  conductivity 
(Fig.  3c),  As  a  consequence,  the  temperature-depen¬ 
dence  of  the  low-frequency  semicircle  ( ‘grain  bound¬ 
ary  semicircle’)  yields  an  apparent  activation  energy 
which  can  differ  slightly  from  the  true  grain  bound¬ 
ary  activation  energy.  We  give  a  numerical  example 
for  the  case  considered  in  Figs.  2  and  3:  (i)  if 
£,c.,buik  =  0.9  eV  and  £,,,,^,  =  1.8  eV  there  is  a 
‘medium’  temperature  regime  with  an  apparent  grain 
boundary  activation  energy  of  1.7  eV.  (‘Medium’ 
temperature  regime  means  temperatures  for  which 
the  sizes  of  the  two  semicircles  are  of  the  same  order 
of  magnitude.)  The  relative  deviation  from 
be  shown  to  be  approximately  proportional  to  ( 1  — 
^act.buik^^act.gb)  rather  large  for  small 

F 

^acl.gb- 


Moreover,  the  low  frequency  semicircle  is  not 
ideal  but  asymmetrically  distorted.  A  fit  using  a 
resistor  in  parallel  with  a  constant  phase  element 
with  impedance  Q  \io))  "  (2,n  =  fit  parameters, 
(y  =  angular  frequency)  yields  a  value  of  n  =0.916 
for  the  left  half  of  the  low-frequency  semicircle 
while  the  right  half  results  in  «=0.99.  It  has  to  be 
emphasized  that  the  depression  is  not  due  to  a 
distribution  of  relaxation  times  (only  one  grain 
boundary  relaxation  time  exists)  but  is  instead  a 
consequence  of  the  frequency-dependence  of  the 
current  lines:  for  low  frequencies  the  current  detours 
the  excess  grain  boundaries,  while  for  high  fre¬ 
quencies  the  interfaces  are  nearly  dielectrically  short- 
circuited  and  a  homogeneous  current  distribution 
results.  This  frequency-dependent  switching  of  the 
current  lines  leads  to  modifications  in  the  spectra 
shape  and  has  no  counterpart  in  quasi-one-dimen- 
sional  systems  as  the  simple  brick  layer  model.  The 
high-frequency  semicircle,  on  the  other  hand,  is  not 
affected  by  the  microstructural  pattern  and  reveals 
the  true  bulk  properties. 

On  the  other  hand,  in  many  cases  the  brick  layer 
model  does  allow  reasonable  estimates  of  the  grain 
boundary  properties.  This  is  discussed  in  more  detail 
in  Ref.  [9].  From  the  calculations  therein  (e.g.  a 
pattern  as  shown  in  Fig.  lb)  and  other  calculations 
for  two-dimensional  grain  boundary  patterns  we 
expect  that  the  brick  layer  model  is  a  reasonable 
approximation  for  homogeneous  and  relatively  nar¬ 
row  distributions  of  grain  sizes  and  grain  shapes. 
Serious  problems  are  expected,  for  example,  for  a 
very  broad  grain  size  distribution  with  very  large  and 
very  small  grains  or  a  spatially  inhomogeneous  grain 
size  distribution  as  sketched  in  Fig.  3. 

3.2.  The  influence  of  imperfect  contacts 

Grain  boundaries  are  often  laterally  inhomoge¬ 
neous  (i.e.  ‘imperfect’)  in  the  sense  that  ideally 
conducting  as  well  as  totally  insulating  interface 
regions  are  present.  To  give  two  examples:  (i)  solid 
grain  boundary  phases  frequently  only  partially  wet 
the  grains  establishing  a  diminished  grain-to-grain 
contact,  and  (ii)  nanopores  along  grain  boundaries 
can  cause  an  imperfect  contact  between  two  grains. 
In  such  cases  an  insulating  layer  partly  separates 
neighboring  grains  (Fig.  Ic)  and  the  d.c.  current  is 
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Fig.  3.  Top:  magnitude  of  the  d.c.  current  density  within  the  two-dimensional  polycrystal  of  Fig.  2  for  two  different  bulk  conductivities:  (a) 
^^butk  =  2X10”‘^  l/H;  (b)  <7-b„,(.  =  10'^  1/n.  For  other  parameters  see  Fig.  2.  Dark  indicates  high  current  density  and  light  low  current 
density.  Bottom:  resistance  from  the  low-frequency  semicircle  as  a  function  of  bulk  conductivity. 


constricted  close  to  the  conducting  grain-to-grain 
contacts.  Consequently  the  d.c.  bulk  resistance  is 
higher  than  the  ideal  bulk  resistance.  Such  imperfect 
contacts  give  rise  to  a  low-frequency  semicircle  in 
the  complex  impedance  plane  (Fig.  4)  which  can  be 


interpreted  in  terms  of  a  transition  of  the  bulk 
resistance  from  the  d.c.  value  to  the  a.c.  (ideal)  value 
due  to  the  dielectric  ‘opening’  of  the  insulating  grain 
boundary  phase  capacitor  [8].  Hence  it  is  not  the 
sequence  of  two  serial  regions  of  different  conduc- 
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Fig.  4.  Impedance  spectra  for  a  three-dimensional  polycrystal  (bulk  conductivity  =  10  1  fCl  cm)  with  an  electrode  area  of  1  cm‘  and  a 

thickness  of  5  mm.  All  grain  boundaries  are  identical  but  laterally  inhomogeneous,  consisting  of  an  insulating  phase  (thickness  =  2  nm, 
permittivity  =  ^i,u Ik)  and  different  amounts  (n)  of  circular  perfectly  conducting  spots  (cf.  Fig.  Ic).  The  insets  sketch  cross-sections  of  the  grain 
boundaries  between  two  grains  (cf.  Fig.  Ic)  with  contacted  (white)  and  insulating  (black)  regions.  In  all  three  cases  the  fraction  of  contacted 
area  per  grain  boundary  is  kept  constant  at  12.6%.  The  dc  resistance  (11.4  mO)  is  a  pure  bulk  resistance  and  is  larger  than  the  ideal  bulk 
resistance  (5  Mfi)  because  of  the  current  constriction  close  to  the  contacted  spots. 


tivities  but  the  frequency-dependent  shift  of  the 
current  lines  that  leads  to  the  low-frequency  semicir¬ 
cle.  Fig.  4  shows  the  resulting  impedance  spectra  for 
different  grain  boundary  contact  geometries,  all  of 
them  exhibiting  the  same  area  fraction  of  insulating 
grain  boundary  phase  (“Q^^^ontact)  but  different  num¬ 
bers  of  contact  spots  carrying  the  d.c.  current.  The 
so-called  ‘grain  boundary  resistance’  /?2  (diameter  of 
the  low-frequency  arc)  strongly  depends  on  the 
number  of  contacts  while  the  high-frequency 
semicircle  is  not  influenced  by  grain  boundary 
properties  and  still  reveals  the  ‘ideal’  bulk  values  as 
expected  for  a  single  crystal.  It  has  to  be  emphasized 
that  the  additional  resistance  is  not  due  to  the  contact 
‘bridge’  which  connects  two  grains  (cf.  Fig.  Ic)  but 
is  caused  by  the  current  constriction  in  the  grain  bulk 
close  to  the  conducting  grain-to-grain  contacts. 

A  quantitative  estimate  of  the  magnitude  of  the 
‘grain  boundary  resistance’  /?2  is  possible  according 
to  Ref.  [8] 


^bulk  V^^contact'^  "^.sample 

In  Eq.  (1)  n  is  the  number  of  grain-to-grain 


contacts  per  grain  boundary  and  the  fraction 

of  established  contact  area  (contacted  area/complete 
area),  denotes  the  bulk  conductivity  and 
^sample  ^^c  Sample  thickness  and  area,  respective¬ 
ly.  Thus  /?2  is  determined  by  two  independent 
parameters  (o^comact’")’  an  evaluation  of  the 
contacted  area  (or  of  the  fraction  of  ‘blocked’ 
current)  solely  from  the  impedance  spectrum  is  not 
possible.  The  ‘grain  boundary  capacitance’,  on  the 
other  hand,  allows  an  estimate  of  the  thickness  of  the 
insulating  grain  boundary  phase  [8]. 

To  help  estimate  to  what  extent  current  constric¬ 
tion  might  cause  grain  boundary  impedances  in  real 
electroceramic  materials,  a  plot  is  given  (Fig.  5) 
which  relates  Rj/Ri  (i.e.  the  ratio  of  the  semicircle 
diameters)  to  the  fraction  of  contacted  area  («^-ontact) 
for  varying  contact  numbers  per  grain  boundary. 
From  Fig.  5  and  also  from  the  estimate  according  to 
Eq.  (1),  it  can  be  seen  that  pronounced  low-fre¬ 
quency  semicircles  require  rather  small  contact  areas, 
particularly  if  many  contact  spots  are  involved.  In 
many  cases  we  expect  the  grain  boundary  resistance 
due  to  current  constriction  to  be  of  the  order  of 
magnitude  of  the  ideal  bulk  resistance  or  even 
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Fig.  5.  Ratio  of  (‘grain  boundary  resistance’/ ideal  bulk 

resistance)  depending  on  the  fraction  of  contacted  area  ^or 

different  numbers  of  contacts  per  grain  boundary  n.  The  plots  are 
calculated  using  a  more  generally  valid  estimate  than  Eq.  (1)  as 
given  in  Ref.  [8]. 


smaller.  However,  in  porous  material  (e.g.  freshly 
pressed  samples)  or  if  there  are  only  very  few  gaps 
(pin-holes)  in  a  highly  resistive  grain  boundary  phase 
current  constriction  effects  can  be  considerably 
larger. 

Indications  that  current  constriction  effects  are 
relevant  can  be  obtained  from  the  temperature, 
partial  pressure,  bias  and  grain  size  dependence  of 
If  current  constriction  plays  a  role,  the  tempera¬ 
ture  and  partial  pressure  dependence  of  should  be 
close  to  that  of  the  bulk  as  already  predicted  by 
intuitive  models  [3,5-7,13].  A  bias-dependent  ‘grain 
boundary  resistance’,  on  the  other  hand,  suggests 
other  mechanisms  than  current  constriction.  The 
grain  size  dependence  of  the  grain  boundary  resist¬ 
ance,  finally,  is  expected  to  deviate  from  the  inverse 
linear  relationship  suggested  by  the  brick  layer 
model.  Further  information  is  given  in  Refs,  [8,12]. 

However,  the  situation  becomes  more  complicated 
if  partially  blocking  and  totally  blocking  interface 
regions  exist  simultaneously.  For  example,  an  in¬ 
sulating  grain  boundary  phase  partially  wets  the 
grains  while  at  the  established  grain-to-grain  contacts 
an  additional  transfer  resistivity  exists.  Current  con¬ 
striction  effects  and  ‘true’  grain  boundary  contribu¬ 
tions  due  to  the  transfer  process  superimpose  and 
lead  to  a  rather  complex  situation. 


To  get  a  first  insight  into  this  topic  we  consider  the 
following  grain  boundary  case.  A  solid  grain  bound¬ 
ary  phase  (thickness  2  nm)  partially  wets  the  grains, 
leaving  a  circular  grain-to-grain  contact  with  a 
diameter  of  54%  of  the  grain  boundary  length  (2 
jxm)  (as  sketched  in  Fig.  Ic).  At  the  established 
contact  we  assume  a  transfer  hindrance  which  can  be 
described  by  a  2-nm  thick  ‘layer’  of  conductivity 
and  permittivity  As  shown  in  Fig.  6,  again  one 
low-frequency  semicircle  arises  in  the  complex 
impedance  plane.  However,  this  low-frequency 
semicircle  includes  both  bulk  contributions  (due  to 
current  constriction)  and  ‘true’  grain  boundary  con¬ 
tributions  owing  to  the  partial  blocking  at  the 
established  contact.  Hence  a  ‘mixed’  activation 
energy  results  and  even  a  change  of  the  activation 
energy  with  temperature  from  the  bulk  value  to  a 
higher  or  lower  value  (non-Arrhenius-behaviour)  is 
possible.  Nevertheless,  the  contribution  of  current 
constriction  within  the  grains  can  be  estimated  by 
Eq.  (1). 

Such  ambiguous  situations  arise  if  the  capacitance 
of  the  insulating  grain  boundary  phase  is  larger  than 
the  capacitance  related  to  the  transfer  process  at  the 
established  contact.  Since  relevant  current  constric¬ 
tion  effects  require  relatively  small  contacted  areas 
(see  Fig,  5)  we  expect  that  this  condition  for  the  two 
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Fig.  6.  Impedance  spectra  for  a  three-dimensional  crystal  (bulk 
conductivity  o^butk^  10"^  1/fl  cm)  with  and  without  an  additional 
transfer  resistance  at  the  established  grain-to-grain  contact.  All 
grain  boundaries  are  identical  and  exhibit  one  contact  spot  with 
contact  area  a,ontact'=0.23.  Parameters:  electrode  area,  1  cm^; 
sample  thickness,  5  mm;  thickness  of  the  insulating  phase,  2  nm; 
permittivity  of  the  insulating  phase,  partial  blocking  at  the 
established  contact  according  to  a  2-nm  thick  ‘layer’  of  con¬ 
ductivity,  fjgj,;  and  permittivity, 
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capacitances  is  often  fulfilled  at  real  grain 
boundaries.  However,  if  the  opposite  situation  is 
valid  (capacitance  of  the  insulating  layer  smaller  than 
the  transfer  capacitance)  a  third  semicircle  appears, 
and  an  approximate  separation  of  current  constriction 
and  true  grain  boundary  resistance  is  possible,  as 
shown  for  a  similar  problem  (fuel  cell  cathode  with 
the  current  being  constricted  close  to  the  three  phase 
boundary  region)  in  Ref.  [14]. 

3.3.  The  influence  of  the  distribution  of  different 
grain  boundaries  in  space 

Even  if  each  individual  grain  boundary  is  laterally 
homogeneous,  the  structural  and  chemical  qualities, 
and  thus  the  electrical  properties,  may  vary  from 
boundary  to  boundary  leading  to  a  certain  distribu¬ 
tion  of  grain  boundary  conductivities  as  sketched  in 
Fig.  Id.  One  example  where  such  a  distribution  is 
expected  is  for  the  case  when  the  grain  boundary 
resistance  is  caused  by  a  space  charge  depletion 
layer.  Due  to  an  exponential  relation,  relatively  small 
variations  of  the  space  charge  potential  result  in 
strong  variations  of  the  effective  grain  boundary 
resistivity. 

We  probed  the  influence  of  distributions  of  differ¬ 
ent  grain  boundaries  in  two  dimensions  for  some 
probability  distributions  of  the  grain  boundary  con¬ 
ductivity  cTg^  (Figs.  7-9).  Following  the  given 
distribution  the  grain  boundary  conductivities  were 
randomly  distributed  in  the  square  microstructural 
pattern  (cf.  Fig.  Id,  the  calculations  are  performed 
for  a  sample  consisting  of  lOX  10  grains). 

Fig.  7  shows  the  spectrum  for  a  discrete  Gaussian 
distribution  of  log(crgj^)  calculated  by  the  finite 
element  method  and  a  spectrum  according  to  the 
brick  layer  model  using  the  ‘mean’  grain  boundary 
conductivity  (10  ^  l/fl).  Such  a  distribution  of 
log(a’g^)  corresponds  to  a  Gaussian  distribution  of 
the  space  charge  potential.  Even  though  the  extreme 
conductivity  values  of  the  distribution  differ  by  a 
factor  of  100  the  brick  layer  model  allows  a  rather 
satisfying  estimate  of  the  ‘mean’  grain  boundary 
properties.  However,  again  an  inhomogeneous  cur¬ 
rent  distribution  results  which  depends  weakly  on  the 
bulk  conductivity.  Therefore,  bulk  properties  slightly 
influence  the  ‘grain  boundary  semicircle’  (cf.  Fig.  3), 
and  a  minor  difference  between  the  activation  energy 
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Fig.  7.  Calculated  impedance  spectrum  of  a  polycrystal  (10X10 
grains)  for  a  discrete  Gaussian  distribution  of  the  grain  boundary 
conductivities  (cf.  Fig.  Id).  The  Gaussian  distribution  is  on  a 
logarithmic  scale.  The  corresponding  brick  layer  model  assumes  a 
conductivity  according  to  the  ‘mean’  value  of  the  distribution 
(10“’  1/fl).  Parameters:  two-dimensional  bulk  conductivity,  10”“* 
1/0;  grain  size,  2  p-m;  grain  boundary  thickness,  2  nm. 
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Fig.  8.  Calculated  impedance  spectrum  of  a  polycrystal  (10X10 
grains)  for  a  very  broad  distribution  of  the  grain  boundary 
conductivity  (cf.  Fig.  Id).  The  corresponding  brick  layer  model 
assumes  a  conductivity  according  to  the  center  of  the  distribution 
(10“’  I/O).  Other  parameters  as  in  Fig.  7. 
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Fig.  9.  Calculated  impedance  spectra  of  a  polycrystal  (10X10 
grains)  for  different  bimodal  distributions  of  the  grain  boundary 
conductivity  (cf.  Fig.  Id).  While  70%  of  the  grain  boundaries 
exhibit  bulk  conductivity  cr^uik^^cTgb.i  ^  ^eb,2  varies 

between  10”^  l/H  and  zero.  Other  parameters  as  in  Fig.  7. 


of  the  low-frequency  semicircle  and  the  true  activa¬ 
tion  energy  of  the  grain  boundary  resistivity  can 
occur.  Moreover,  the  low-frequency  semicircle  ex¬ 
hibits  a  weak  asymmetric  depression  (Fig.  7). 

The  situation  becomes  more  difficult  for  a  very 
broad  conductivity  distribution  of  constant  probabili¬ 
ty  (Fig.  8).  A  strongly  deformed  ‘grain  boundary 
semicircle’  results  and  a  brick  layer  model  using  the 
conductivity  of  the  center  of  the  distribution  (10~^ 
1/fl)  underestimates  the  ‘grain  boundary  resistance’ 
considerably.  On  the  other  hand,  a  serial  connection 
of  grain  boundaries  according  to  the  given  probabili¬ 
ty  distribution  yields  a  much  larger  value  of  /?2  than 
the  two-dimensional  distribution  (222  kfi).  This 
again  demonstrates  the  influence  of  detours  around 
high-resistive  grain  boundaries  to  lower  the  resist¬ 
ance  but  also  the  problems  to  deduce  a  meaningful 
parameter  from  the  ‘grain  boundary  resistance’. 
Furthermore,  the  ‘grain  boundary  resistance’  is  dis¬ 
tinctly  influenced  by  the  bulk  conductivity.  As  in  the 
case  of  different  grain  boundary  patterns  (see  Section 
3.1),  detour  effects  around  very  blocking  grain 
boundaries  contribute  to  the  low-frequency  ‘semicir¬ 
cle’.  Consequently  the  apparent  activation  energy  no 


longer  reflects  the  activation  energy  of  the  grain 
boundary  conductivity  even  if  all  cTgj,  of  the  dis¬ 
tribution  have  identical  activation  energies. 

Let  us  finally  discuss  the  extreme  case  in  which 
70%  of  the  grain  boundaries  are  ideal  and  exhibit 
bulk  conductivity  while  30%  are  highly  resistive 
(bimodal  distribution).  Fig.  9  demonstrates,  how  the 
‘grain  boundary  arc’  depends  on  the  conductivity  of 
the  highly  resistive  interfaces  moderate 

grain  boundary  conductivity  the  arc  is  semicircle-like 
and  depends  mainly  on  2  only  slightly  on  the 
bulk  conductivity.  For  highly  blocking  grain 
boundaries,  on  the  other  hand,  the  low-frequency 
‘semicircle’  becomes  distinctly  distorted  and  its  size 
depends  only  weakly  on  2  mainly  on  the  bulk 
conductivity.  In  the  extreme  case  of  30%  totally 
insulating  grain  boundaries  the  low-frequency  arc 
reaches  a  maximum  and  the  so-called  ‘grain  bound¬ 
ary  resistance’  turns  out  to  be  a  part  of  the  d.c.  bulk 
resistance  caused  by  detours  around  the  very  block¬ 
ing  grain  boundaries.  Hence  the  mechanism  deter¬ 
mining  the  resistance  of  the  low-frequency  arc 
changes  with  decreasing  grain  boundary  conductivity 
and  the  apparent  activation  energy  varies  from  the 
activation  energy  of  a^y^  2  the  bulk  value  for 
decreasing  a-g^  ^/cTbuik  ratio.  This  is  demonstrated  in 
Fig.  10  for  bulk  and  grain  boundary  activation 
energies  of  0.6  and  1.2  eV,  respectively. 

These  examples  demonstrate  that,  on  one  hand,  a 
brick  layer  analysis  can  yield  meaningful  values  as 
long  as  relatively  narrow  Gauss  distributions  of  grain 
boundary  properties  are  considered,  while  it  can 
completely  fail  in  other  cases.  A  more  detailed 
investigation  in  three  dimensions  is  in  progress  [10] 
and  will  reveal  more  quantitatively  the  conditions 
under  which  a  brick  layer  analysis  is  useful. 

Finally  we  can  conclude  from  Sections  3.1  to  3.3 
that  two-  or  three-dimensional  current  lines  can 
depend  on  bulk  conductivity  and  a.c.  frequency.  This 
leads  to  new  features  which  do  not  exist  in  related 
one-dimensional  problems  as  for  example  to  bulk- 
dependent  ‘grain  boundary  semicircles’  and  to  dis¬ 
torted  or  additional  arcs  only  due  to  a  change  of  the 
current  lines  with  increasing  frequency.  As  a  conse¬ 
quence,  the  resistance  of  the  low-frequency  semicir¬ 
cle  (/?2)  does  frequently  not  represent  the  exact 
resistance  of  the  grain  boundaries  themselves.  On  the 
other  hand,  the  term  ‘grain  boundary  resistance’  is 
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Fig.  10.  Bulk  (/?,)  and  ‘grain  boundary  resistance’  (/?,)  for  the 
bimodal  distribution  of  grain  boundary  properties  as  shown  in  Fig. 
9.  The  bulk  conductivity  has  an  activation  energy  of  0.6  eV 
while  2  is  activated  with  1.2  eV.  Notice  that  RI\T)  reflects  the 
activation  energy  of  temperatures,  but  /?, '(T) 

approaches  bulk  activation  at  low  temperatures. 


Still  meaningful  in  the  sense  that  /?2  is  caused  by  the 
grain  boundaries  and  does  not  exist  in  a  corre¬ 
sponding  single  crystal. 

However,  in  all  cases  the  high-frequency  semicir¬ 
cle  reveals  the  ideal  bulk  values  as  expected  for  a 
single  crystal,  since  for  the  entire  high-frequency  arc 
the  grain  boundaries  are  dielectrically  conducting 
and  hence  negligible.  This  is  even  true  if  the  d.c. 
resistance  is  a  pure  bulk  resistance,  i.e.  if  the  low- 
frequency  semicircle  is  caused  by  detours  around 
blocking  grain  boundaries. 

4,  Conclusions 

•  Deviations  from  the  cubic  grain  size  are  accept¬ 
able  for  a  brick  layer  analysis  as  long  as  the  grain 
size  distribution  is  relatively  narrow  and  spatially 
homogeneously,  and  as  long  as  no  pronounced 
anisotropy  in  the  grain  shape  distribution  exists. 
However,  agglomerates  of  small  grains  or  very 


broad  distributions  can  lead  to  considerable  er¬ 
rors. 

•  If  imperfect  contacts  (lateral  inhomogeneities) 
between  grains  occur,  current  constriction  in  the 
grain  becomes  important.  This  leads  to  an  appar¬ 
ent  grain  boundary  semicircle,  the  resistance  of 
which  is  purely  bulk-dependent.  An  estimate  of 
the  additional  resistance  can  be  given  according 
to  Eq.  (1),  however,  a  quantitative  determination 
of  the  fraction  of  blocked  grain  boundary  area 
solely  from  the  impedance  spectrum  is  not  pos¬ 
sible.  A  simple  brick  layer  analysis  fails  in  such 
cases. 

•  The  brick  layer  model  can  be  used  to  estimate 
mean  grain  boundary  properties  if  a  relatively 
narrow  (Gaussian)  distribution  of  grain  boundary 
conductivities  is  given.  However,  very  broad  or 
bimodal  distributions  lead  to  large  deviations  and 
a  meaningful  analysis  using  the  brick  layer  model 
fails.  In  such  cases  the  low-frequency  arc  can  be 
distinctly  influenced  by  bulk  properties  and  con¬ 
siderably  distorted.  This  can  lead  to  apparent 
activation  energies  which  differ  from  the  true 
grain  boundary  activation  energy. 

•  Grain  boundary  arcs  deviating  from  ideal  semicir¬ 
cles  do  not  only  occur  for  distributions  of  relaxa¬ 
tion  times,  but  also  for  microstructures  which 
differ  from  the  brick  layer  model  even  if  only  a 
single  grain  boundary  relaxation  time  is  involved. 

•  In  all  cases  considered  the  high-frequency 
semicircle  still  reveals  the  ideal  bulk  resistance 
and  capacitance  as  expected  for  a  single  crystal. 
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Abstract 

The  transfer  of  matter  and  charge  across  interfaces  between  two  solids  is  related  to  defect  relaxation  in  the  regions  near  the 
interface.  A  transfer  rate  which  exceeds  the  rate  of  defect  relaxation  may  lead  to  degradation  of  the  interface,  causing  a 
feedback  effect  for  the  transfer  process  itself.  As  a  consequence,  non-linear  phenomena  (dissipative  structures)  like  periodic 
oscillations  of  the  interfacial  properties  can  occur  under  conditions  far  from  equilibrium.  Possible  mechanisms  and 
experimental  examples  are  discussed.  ©  2000  Elsevier  Science  B.V  All  rights  reserved. 

Keywords:  Dissipative  structures;  Electrochemical  oscillations;  Interfaces;  Ionic  conductors;  Point  defects 


1.  Introduction 

The  transfer  of  ions  across  boundaries  between 
two  solid  materials  plays  an  important  role  in  solid- 
state  reactions  [1],  in  solid-state  electrochemical 
devices  [2]  and  in  advanced  ionic  materials  [3,4].  It 
is  of  basic  interest  for  the  understanding  of  solid- 
state  kinetics  [5,6].  An  increasing  number  of  theoret¬ 
ical  and  experimental  studies,  mainly  driven  by 
development  of  micro-  and  nanocrystalline  materials, 
as  also  solid-state  batteries  and  fuel  cells,  can  be 
attributed  to  this  strong  interest  (e.g.  Refs.  [7-21]). 

The  main  aspect  in  most  studies  of  ionic  interface 
kinetics  concerns  the  relation  between  an  ionic  flux 
across  a  boundary  and  the  corresponding  (electro) 
chemical  driving  force,  i.e.  the  current /voltage 
characteristics  (e.g.  Refs.  [7-9,11,16,17]).  Thus, 
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experimental  studies  usually  aim  for  the  determi¬ 
nation  of  the  transfer  resistance  which  a  given 
boundary  represents  for  the  transfer  of  ions,  and 
concepts  which  have  been  established  in  the  descrip¬ 
tion  of  solid /liquid  interfaces  (e.g.  the  Butler-Vol- 
mer  equation)  are  transferred  without  serious  discus¬ 
sion.  Despite  an  increasing  number  of  experimental 
studies,  the  corresponding  knowledge  is  yet  still 
restricted,  due  to  many  experimental  problems.  Most 
critical  are  the  preparation  of  structurally  and  chemi¬ 
cally  well-defined  interfaces  which  allow  reproduc¬ 
ible  kinetic  studies  and  the  application  of  suitable 
local  probes.  The  situation  becomes  even  worse  by 
the  fact  that,  as  yet,  no  experimental  techniques  exist 
for  the  direct  local  observation  and  analysis  of  solid/ 
solid  interfaces  in  situ  [22].  Recently,  microelec¬ 
trodes  with  high  spatial  resolution  have  been  applied 
in  the  study  of  grain  boundaries  in  ionic  conductors 
[23]. 

An  additional  and  inherent  problem  in  the  ex¬ 
perimental  study  of  ion  transfer  across  solid/ solid 
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boundaries,  creating  a  major  difference  to  electron 
transfer,  is  the  possibility  of  both  structural  and 
morphological  changes  within  the  boundary  region, 
driven  by  the  transfer  process  itself  [1,6].  The 
present  paper  focusses  on  these  reactive  aspects  of 
ionic  interface  kinetics  which  complicate  the  study  of 
ion  transfer.  It  presents  examples  for  non-linear 
kinetics  observed  in  simple  model  systems,  thereby 
emphasizing  the  importance  of  defect  reactions  and 
relaxation  in  boundary  regions. 

The  paper  is  organized  as  follows:  in  Section  2 
some  general  aspects  of  interface  kinetics  and  pos¬ 
sible  instabilities  are  summarized.  In  Section  3 
follows  a  short  discussion  of  feedback  mechanisms 
at  inner  boundaries,  which  may  lead  to  strong  non¬ 
linear  or  even  oscillating  kinetics.  The  electrochemi¬ 
cal  dissolution  of  a  metal  into  a  solid  electrolyte 
(Section  4)  and  the  electrolysis  of  a  mixed  conductor 
at  an  inert  metal  electrode  (Section  5)  are  presented 
as  two  experimental  examples  visualizing  a  number 
of  important  aspects  of  ionic  interface  kinetics. 

2.  Interfacia]  instabilities 

In  order  to  present  a  more  systematic  picture, 
some  general  aspects  related  to  non-equilibrium 
interfaces  will  be  discussed  in  this  section.  The 
structure  of  a  solid /solid  interface  may  depend  both 
on  the  intrinsic  properties  of  the  system  under  study 
and  on  its  preparation.  In  general,  coherent  and 
semicoherent  interfaces  (e.g.  low  angle  grain 
boundaries)  are  well  defined  and  provide  reproduc¬ 
ible  experimental  model  systems  [13,24,25].  The 
coherent  Ni/Ni2Si-interface  which  forms  during  the 
course  of  the  reaction  between  Ni  and  Si  provides  an 
excellent  example  [13]. 

Most  boundaries,  however,  which  are  of  practical 
interest  are  incoherent,  and  the  results  of  kinetics 
studies  may  depend  also  on  the  preparation  of  the 
boundary.  As  high  angle  grain  boundaries  (cf. 
nanocrystalline  materials  [26,27]),  incoherent  inter¬ 
faces  have  to  be  considered  as  strongly  disordered 
regions  with  high  atomic  mobility. 

The  focus  of  the  present  paper  is  directed  toward 
non-linear  and  oscillatory  kinetics  at  solid/ solid 
interfaces.  Non-equilibrium  interfaces  can  be  char¬ 
acterized  in  a  rather  general  scheme  by  their  velocity 


relative  to  a  given  reference.  We  distinguish  resting 
and  moving  boundaries.  At  resting  boundaries,  at 
least  one  of  the  two  neighboring  lattices  remains 
intact  and  the  transfer  of  ions  does  not  lead  to  a  shift 
of  the  boundary  itself,  i.e.  transport  processes  in  the 
neighboring  phases  supply  and  consume  the  transfer¬ 
ring  species.  Typical  examples  for  resting  boundaries 
are  provided  by  systems  of  the  type  AX /AY  (AX, 
AY  =  cation  conductors)  or  BX/CX  (BX,  CX  = 
anion  conductors).  If  either  the  electronic  transfer¬ 
ence  number  of  both  phases  equals  zero  or  if  the 
electronic  flux  is  inhibited  by  suitable  experimental 
means,  the  transfer  of  cations  or  anions  is  the  only 
possible  interfacial  process.  The  system  should  re¬ 
main  stable  even  under  non-equilibrium  conditions, 
and  time-independent  transfer  kinetics  are  observed. 

Real  systems  always  exhibit  electronic  conduc¬ 
tivity,  in  its  magnitude  depending  on  the  intrinsic 
band  structure  and  the  degree  of  doping.  Strictly, 
ionic  conductors  have  always  to  be  considered  as 
mixed  conductors,  with  a  more  or  less  significant 
electronic  contribution  to  the  total  conductivity.  Real 
systems  range  from  solid  electrolytes  with  very  low 
electronic  conductivities  (e.g.  AgCl,  Agl,  CaF^)  to 
mixed  conductors  with  comparable  partial  ionic  and 
electronic  conductivities  (e.g.  Ag^S,  CeO^)  and 
semiconducting  crystals  with  dominating  electronic 
conductivity  (e.g.  CoO,  NiO).  Thus,  a  boundary 
between  two  ionic  conductors  always  represents  a 
region  where  not  only  the  total  conductivity  changes, 
rather  the  transference  numbers  of  ions  and  elec¬ 
trons,  will  also  change,  as  emphasized  by  Schmal- 
zried  and  co-workers  [1,28,29].  If  an  electric  current 
is  drawn  across  such  boundary  by  the  use  of 
reversible  metal  electrodes  (in  the  case  of  cation 
conductors)  or  gas  electrodes  (in  the  case  of  anion 
conductors),  this  difference  in  charge  transference 
may  lead  to  ‘internal’  electrochemical  reactions  at 
the  boundary  ([1],  pp.  226)  (see  Fig.  la).  One  will 
observe  the  continuous  decomposition  of  one  phase 
at  the  boundary  and  the  corresponding  deposition  of 
either  the  metal  or  the  metalloid  component.  Corre¬ 
sponding  experiments  have  been  performed  by  Riess 
and  Schmalzried  [30]  at  boundaries  of  the  type 
AgBr/AgCl,  leading  to  the  growth  of  metal  dendrites 
within  the  boundary. 

A  situation  which  corresponds  closely  to  the 
electrode  processes  at  ion-blocking  anodes  (see 
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AX(b)  =  [Al(AX)  -  V\(AX)]  +  e;^)  + 1  X2(g,+  V^(b) 


Fig.  1.  Different  basic  experimental  situations  related  to  interfacial  instabilities  at  resting  boundaries:  (a)  ion  transfer  across  a  boundary 
AX/AY,  (b)  ion  transfer  across  a  boundary  AX/BX. 


below)  is  given  if  the  non-metal  potential  is  in¬ 
creased  at  the  boundary  under  kinetic  load  (see  Fig. 
la).  In  this  case,  the  lattice  of  that  electrolyte  which 
contains  the  less  oxidizing  non-metal  suffers  from 
continuous  decomposition,  in  its  magnitude  depend¬ 
ing  on  the  transport  properties  of  both  electrolytes, 
on  the  current  load  and  on  the  rate  of  non-metal  loss 
from  the  decomposition  (boundary)  region.  The 
decomposition  reduces  the  contact  area  of  both 
phases  by  the  formation  of  micropores  (surface 
vacancies)  and  their  aggregation  and  will  give  rise  to 
strong  non-linear  kinetics,  even  at  low  current  den¬ 
sities.  Mechanical  pressure  which  is  exerted  to  the 
interface  will  have  strong  influence  on  the  kinetics. 
So  far,  no  experimental  example  for  this  particular 
kinetic  effect  has  been  reported. 

If  these  reactive  processes  are  suppressed  at  the 
boundary  (e.g.  due  to  a  high  degree  of  coherency) 
the  chemical  potential  of  the  components  of  the 
electrolytes  will  change  locally.  Chemical  potential 
gradients  are  established  which  compensate  the 


differing  partial  fluxes  in  both  phases  in  the  station¬ 
ary  state.  If  the  transition  between  crystal  regions 
with  different  transference  numbers  takes  place  in  a 
single  lattice  (‘coherent’  transition),  extremely  high 
chemical  potential  gradients  can  be  induced.  As 
Virkar  and  co-workers  [31,32]  demonstrated  in  the 
case  of  zirconia,  exhibiting  a  steep  gradient  in  the 
electronic  transference  number  produced  by 
inhomogeneous  doping,  internal  oxygen  activities 
(pressures)  can  be  induced  by  electric  currents  that 
lead  to  the  complete  destruction  of  the  lattice. 

A  second  group  of  resting  solid /solid  interfaces  is 
provided  by  metal /electrolyte  boundaries.  Due  to 
strong  technological  interest  these  have  been  investi¬ 
gated  for  many  years  [33-38].  From  the  kinetic  point 
of  view,  metal /electrolyte  boundaries  can  be  dis¬ 
tinguished  by  their  degree  of  ‘reversibility’:  revers¬ 
ible  electrodes  with  low  polarisation  resistance  are 
given  by  parent  metal  electrodes  of  the  type  A /AX 
or  alloy  electrodes  (A,B)/AX.  Blocking  electrodes 
B/AX  are  composed  of  a  virtually  inert  metal  B  and 
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an  electrolyte.  Intermediate  cases  are  possible  if  the 
electrode  metal  is  not  inert  against  anodic  dissolu¬ 
tion.  All  electrodes  are  subject  to  dissolution  or 
growth  processes  at  sufficiently  high  electric  po¬ 
tentials.  At  reversible  electrodes  the  electrolyte  lat¬ 
tice  remains  intact,  and  the  metal  phase  is  either 
dissolved  anodically  (see  Fig.  2a)  or  grows  cathodi- 
cally.  At  ion-blocking  electrodes,  either  the  elec¬ 
trolyte  is  dissolved  anodically  (electrolysis,  see  Fig. 
2b)  or  the  metal  component  of  the  electrolyte  is 
deposited  cathodically.  These  processes  generally 
lead  to  time-dependent  behaviour  of  the  interface, 
since  its  structure  and  morphology  is  changing 
continuously.  In  Section  4,  examples  of  both  revers¬ 
ible  and  blocking  electrodes  are  presented  which 
show  that  strong  non-linear  kinetics  at  electrodes  is 
rather  the  usual  case  than  an  exception. 

Still  another  situation  at  a  resting  interface  is 
provided  by  the  combination  of  two  electrolytes 
which  only  allow  charge  transfer  by  the  electrolysis 
of  one  electrolyte  (see  Fig.  lb).  An  example  of  such 


system  is  well  represented  by  the  couple  YSZ/CoO. 
If  the  semiconducting  CoO  is  used  as  the  cathode,  it 
decomposes  in  order  to  produce  oxygen  ions  which 
are  then  dragged  across  the  YSZ  toward  the  anode. 
The  cobalt  ions  will  move  in  the  counter  direction, 
leading  to  the  dissolution  of  CoO  at  the  boundary.  If 
the  CoO  lattice  is  not  dissolved  layer  by  layer,  one 
again  expects  structuring  of  the  surface  by  the 
formation  of  surface  vacancies  and  pores.  A  strong 
decrease  of  the  contact  area  is  the  consequence, 
leading  to  an  oscillating  interface  kinetics  (C.  Korte, 
personal  communication). 

Regarding  Figs.  1  and  2,  a  number  of  different 
kinetic  situations  at  interfaces  can  be  realized  which 
all  lead  to  the  dissolution  (destruction)  of  one  lattice. 
In  the  case  of  reversible  and  ion-blocking  metal/ 
electrolyte  boundaries,  electrochemical  oscillations 
have  already  been  observed.  A  study  of  the  dissolu¬ 
tion  of  one  electrolyte  lattice  at  an  electrolyte /elec¬ 
trolyte  interface  has  not  yet  been  reported.  The 
reverse  case,  i.e.  the  deposition  of  metal  at  an 


A^(A)  =  [A^(AX)  -  VV(AX)]  +  +  V,(A,  b) 

'  ^A^  ' 


AX(b)  =  K(AX)  -  V';,(AX)]  +  1 X,  +  V^(b) 


Fig.  2.  Different  basic  experimental  situations  related  to  interfacial  instabilities  at  resting  electrodes:  (a)  ion  transfer  across  a  reversible 
electrode  A /AX;  (b)  electrolysis  at  an  ion-blocking  electrode  B/AX. 
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electrolyte /electrolyte  interface,  has  been  investi¬ 
gated  by  Riess  and  Schmalzried  [30], 

Moving  boundaries  require  the  simultaneous 
growth  of  one  phase  and  annihilation  of  the  second 
phase.  Typical  examples  can  be  found  in  crystals 
which  undergo  a  phase  transition.  Schmalzried  and 
co-workers  studied  the  phase  transition  between  the 
a-  and  p-phases  of  silver  sulfide  and  silver  selenide, 
which  induces  characteristic  chemical  potential  oscil¬ 
lations  if  the  a/p-boundary  is  moving  through  the 
crystal  [15,39].  An  important  macroscopic  aspect  of 
moving  boundaries  is  the  question  whether  a  bound¬ 
ary  moves  in  a  morphologically  stable  manner,  or 
whether  it  becomes  morphologically  unstable.  A 
number  of  theoretical  and  experimental  studies  on 
the  problem  of  morphological  stability  have  been 
reported  by  Schmalzried  ([1],  p.  11)  and  Martin  and 
co-workers  [40,41].  In  many  cases,  relatively  simple 
rules  can  be  applied  in  order  to  decide  whether  a 
moving  boundary  will  remain  stable  or  will  become 
unstable.  The  morphology  of  an  unstable  boundary 
itself,  however,  can  usually  not  be  predicted  by 
simple  arguments.  Rather  computer  simulations  [42] 
or  sophisticated  theoretical  arguments  have  to  be 
applied  [43]. 

An  example  for  a  morphologically  unstable 
boundary  is  depicted  in  Fig.  3.  If  YSZ  is  polarized 
cathodically  with  a  platinum  electrode,  the  reduction 
advances  with  an  unstable  front  through  the  crystal 
starting  from  the  cathode.  Corresponding  experi¬ 
ments  and  more  details  can  be  found  in  Ref.  [44]. 

Clearly,  internal  electrochemical  reactions  and 
related  instabilities  can  also  occur  at  moving 
boundaries.  Yet  no  examples  have  been  reported. 

3.  Feedback  mechanisms 

The  occurrence  of  oscillatory  electrochemical 
reactions,  as  one  example  of  dissipative  structures, 
requires  at  least  one  positive  feedback  step  in  the 
kinetics  [45-47].  For  chemical  oscillators,  Franck 
analysed  different  cases  of  positive  and  negative 
feedback  and  defined  the  principle  of  a  so-called 
antagonistic  feedback  [46].  Simply  speaking,  any 
oscillating  system  contains  both  de-stabilizing  posi¬ 
tive  feedback  steps  and  stabilizing  negative  feedback 
steps.  So  far,  a  number  of  different  feedback  mecha¬ 


nisms  have  been  exemplified  in  various  oscillating 
systems.  Thus,  the  strong  non-linear  voltage  depen¬ 
dence  of  an  electric  resistance,  a  membrane  resist¬ 
ance  or  the  tunnel  effect  may  provide  a  feedback 
step.  Other  typical  cases  are  feedback  steps  based  on 
the  temperature  dependence  of  rate  constants  or  on 
the  concentration  dependence  of  heterogeneous 
catalysis.  During  recent  years,  the  study  of  related 
dissipative  structures  has  found  enormous  theoretical 
and  practical  interest,  and  a  number  of  excellent 
books  and  reviews  are  available  (e.g.  Refs.  [48,49]). 

Dealing  with  the  kinetics  of  solid /solid  interfaces, 
the  question  of  possible  feedback  mechanisms  as 
possible  causes  for  the  occurrence  of  oscillatory 
kinetics  arises.  To  date  only  a  few  experimental 
examples  for  oscillatory  kinetics  in  solid-state  sys¬ 
tems  have  been  investigated  (e.g.  Refs.  [50-55]),  and 
the  understanding  of  the  underlying  mechanisms  is 
generally  poor.  Well  known  examples  of  oscillatory 
behaviour — ^at  least  from  a  phenomenological  point 
of  view — are  the  formation  of  multilayered  reaction 
products  during  high-temperature  oxidation  (e.g.  of 
Ti-Zr  alloys)  based  on  a  thermal  feedback  [50],  the 
formation  of  layered  tarnishing  films  during  high- 
temperature  corrosion  of  titanium  based  on  a  me¬ 
chanical  (elastic)  feedback  [51,52],  and  chemical 
potential  oscillations  during  the  phase  transformation 
of  certain  non-stoichiometric  phases  [15,39,56].  The 
feedback  mechanism  of  the  latter  phenomenon  has 
not  yet  been  definitely  identified.  Our  own  experi¬ 
ments  on  the  anodic  dissolution  of  metal  electrodes 
and  the  electrolysis  of  solid  electrolytes,  as  depicted 
schematically  in  Figs.  1  and  2,  provide  additional 
examples  for  a  mechanical  feedback  caused  by  the 
accumulation,  i.e.  the  slow  relaxation,  of  lattice 
defects  at  a  boundary. 

Often  found  in  many  chemical  oscillators  is 
thermal  feedback  by  the  evolution  of  reaction  heat. 
An  example  for  such  thermal  feedback  in  a  solid- 
state  reaction  is  provided  by  the  oxidation  of  Ti/Zr 
alloys  in  oxygen  atmosphere  [50].  If  the  oxidation  is 
run  within  a  definite  temperature  range,  the  reaction 
leads  to  a  layered  product  consisting  of  two  different 
phases.  The  surface  temperature  of  the  oxidizing 
specimen  oscillates  simultaneously  with  the  growth 
process.  Generally,  thermal  feedback  will  be  less 
important  in  inorganic  solid-state  kinetics  than  in 
molecular  chemistry.  Most  inorganic  solid-state  re- 
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Fig.  3.  Processes  at  the  moving  internal  reduction  front  in  YSZ.  The  top  figure  shows  a  photograph  of  a  reduction  front  in  single  crystalline 
YSZ  [44].  The  bottom  box  notes  the  stability  criterion  for  the  moving  boundary  {<p  =  electric  potential). 


actions  require  high  temperatures  in  order  to  obtain 
sufficiently  high  reaction  rates  (transport  coeffi¬ 
cients),  and  thus,  enthalpic  effects  become  less 
important. 

In  the  solid  state  mechanical  effects  are  much 
more  important,  i.e.  interaction  by  elastic  distortions 
of  a  lattice  and  plastic  deformation  by  the  generation 


and  motion  of  dislocations.  Coherent  and  semicoher- 
ent  interfaces  induce  elastic  distortions  in  the  neigh¬ 
boring  lattice  regions,  which  influence  local  defect 
equilibria.  Pierraggi  and  Rapp  discuss  the  Ni  dissolu¬ 
tion  at  the  inner  (resting)  interface  Ni/NiO  during 
high -temperature  corrosion  of  nickel  by  the  model  of 
an  semicoherent  interface.  As  an  explanation  for  the 
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Strong  adhesion  of  the  growing  oxide  film  to  the 
metal  substrate,  despite  the  formation  of  metal 
vacancies  during  the  oxidation  process,  they  suggest 
periodic  dislocation  climbing  as  a  possible  mecha¬ 
nism  for  the  complete  relaxation  of  metal  vacancies 
(cf.  metal  dissolution  in  Section  4)  [25].  In  the 
oxidation  of  titanium  which  leads  to  an  inward 
growth  of  Ti02,  a  periodic  rupture  of  the  oxide  film 
from  the  metal  substrate  is  observed  [51,52].  Under 
suitable  experimental  conditions  one  observes  the 
periodic  growth  of  hundreds  of  similar  appearing 
oxide  layers  (thickness  of  approximately  1  |xm)  (see 
Fig,  4).  Detailed  experiments  show  that  relatively 
thin  titania  films  (less  than  1  ixm)  still  adhere  to  the 
substrate.  With  increasing  thickness  the  film  starts  to 
peel  off  locally,  and  finally  the  contact  breaks 
completely.  Obviously,  only  thin  titania  films  allow  a 
sufficient  relaxation  of  the  elastic  distortion  which  is 
induced  by  the  lattice  mismatch  at  the  boundary.  If  a 
critical  thickness  is  approached,  the  relaxation  of  the 
elastic  stress  is  not  efficient  enough  and  the  contact 
of  both  phases  breaks. 

Low  frequent  oscillations  (time  period  in  the  order 
of  60  s)  of  the  chemical  potential  of  silver  metal  have 
been  observed  during  the  spatially  controlled  phase 
transformations  p-Ag2S  a-Ag2S  [15,56]  and  (3- 
Ag2Se  ^a-Ag2Se  [57].  A  suitable  temperature  dif- 


100  ^im 


Fig.  4.  SEM  picture  (cross-section)  of  the  reaction  product  of 
titanium  oxidation  (7  =  900°C,  aiO^)  =  0.01,  r  =  24  h). 


ference  across  the  sample  includes  the  transformation 
temperature,  and  an  inhomogeneous  crystal  with  a 
well-defined  interface  is  thereby  obtained.  By  shift¬ 
ing  the  temperature  gradient  along  the  sample,  the 
phase  boundary  is  driven  along  it  and  leaves  the 
transformed  crystal  behind  the  moving  boundary. 
Since  the  silver  excess  in  both  phases  differs  by 
orders  of  magnitude,  the  boundary  has  to  act  as  a 
source  or  sink  for  the  silver  component.  Chemical 
diffusion  is  thus  induced.  If  the  chemical  potential  of 
silver  metal  is  measured  at  fixed  positions  along  the 
sample,  characteristic  oscillations  of  the  potential  are 
observed,  Schmalzried  and  co-workers  discuss  three 
different  mechanisms  for  the  observed  chemical 
oscillations:  (a)  non-linear  coupling  of  different 
defect  relaxation  and  transport  steps  at  the  boundary 
(see  comment  below);  (b)  discontinuous  boundary 
motion  by  the  periodic  rupture  of  dislocation  net¬ 
works  from  the  semicoherent  interface;  and  (c) 
discontinuous  boundary  drag  by  impurities.  For  more 
details,  the  reader  is  referred  to  Refs.  [15,56,57]. 

Finally,  the  possible  occurrence  of  chemical  or 
electrochemical  oscillators  on  the  basis  of  coupled 
point  defect  reactions  at  boundaries,  as  proposed  in 
Ref.  [1]  (p.  254),  shall  be  discussed  briefly.  Schmal¬ 
zried  suggests  that  the  coupling  of  both  non-linear 
transfer  and  relaxation  steps  of  point  defects  together 
with  transport  processes  in  the  neighboring  phases 
may  lead  to  oscillatory  kinetics,  even  at  the  interface 
between  two  different  ionic  conductors  with  simple 
Frenkel  disorder.  So  far,  no  quantitative  formal 
treatment  or  experimental  study  supports  that  idea. 
Rather  one  has  to  realize  that  the  main  difference 
between  typical  chemical  oscillators  and  possible 
solid-state  oscillators  bases  on  the  fact  that  molecular 
reactions  allow  autocatalytic  steps  (non-systemic 
positive  feedback  [46]).  Considering  point  defect 
kinetics,  no  equivalent  type  of  an  autocatalytic 
reaction  appears  to  be  possible.  Rather  site  conserva¬ 
tion  in  the  crystalline  state  prevents  autocatalytic 
steps.  Thus,  one  major  source  of  positive  feedback  is 
generally  missing  in  the  solid  state.  However,  if  atom 
transfer  across  a  solid /solid  boundary  is  related  to 
the  dissolution  of  a  lattice,  i.e.  to  the  creation  of 
spatial  interface  (surface)  instabilities  (vacancies  and 
pores),  positive  feedback  becomes  possible,  as  out¬ 
lined  above  and  as  exemplified  below. 

In  conclusion,  we  have  to  expect  other  feedback 
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mechanisms  in  solid-state  kinetics  than  in  fluid-phase 
kinetics.  At  coherent  and  semicoherent  boundaries 
we  expect  an  influence  of  elastic  effects,  and  we 
have  to  take  the  motion  of  dislocations  and  their 
interaction  with  point  defects  into  account.  As  a 
consequence  of  slow  defect  relaxation,  non-equilib¬ 
rium  boundaries  may  accumulate  point  defects  and 
thus  may  suffer  from  serious  structural  and  mor¬ 
phological  changes.  In  the  next  two  sections,  corre¬ 
sponding  experimental  observations  are  summarized. 

4.  The  anodic  dissolution  of  a  metal  into  a  solid 
electrolyte 

The  anodic  dissolution  of  a  metal  A  into  a  cation¬ 
conducting  compound  AX  represents  an  important 
kinetic  step  during  the  deloading  of  solid-state 
batteries  and  during  high -temperature  corrosion. 
Therefore,  the  kinetics  of  metal  dissolution  has  been 
investigated  for  many  years.  Primarily,  interfaces  of 
the  type  Ag/AgX^  (X  =  Cl,  Br,  I,  S,  Se)  have  been 
studied  due  to  the  stability  of  the  silver  ion-conduct¬ 
ing  compounds  and  their  high  ionic  conductivity 
[5,7,9,19,21,33-38]. 

As  discussed  above,  a  virtually  reversible  metal 
electrode  may  be  subject  to  kinetic  degradation  by 
the  accumulation  of  metal  vacancies  and  the  creation 
of  pores.  In  Fig,  5,  the  experimental  setup  together 
with  a  schematic  picture  of  the  microscopic  pro¬ 
cesses  at  the  anodic  boundary  are  shown,  assuming 
an  unrealistically  proper  (coherent)  boundary  at  this 
point.  According  to  the  reaction  equation  in  Fig.  2a, 
metal  vacancies  are  formed  in  the  metal  (on  the 
metal  surface)  during  the  transfer  of  ions  into  the 
electrolyte.  Correspondingly,  the  transferring  ions 
occupy  vacant  sites  in  the  electrolyte  lattice.  Thus, 
the  transfer  process  in  total,  as  suggested  in  Fig.  5, 
comprises  at  least  three  different  steps:  (a)  the 
formation  and  relaxation  of  a  vacancy  on  the  metal 
surface;  (b)  the  jump  of  the  ionized  metal  atom  into 
the  electrolyte  lattice;  and  (c)  the  relaxation  of  the 
new  ion  in  the  electrolyte  lattice.  If  we  assume  that 
all  ionic  relaxation  and  transport  steps  in  the  solid 
electrolyte  occur  sufficiently  fast,  it  is  the  relaxation 
of  vacancies  in  the  metal  which  controls  the  interface 
kinetics. 

If  we  assume  that  the  relaxation  of  metal  vac¬ 


ancies  proceeds  by  bulk  diffusion  into  the  metal 
electrode,  we  estimate  an  anodic  limiting  current 
density  of  a  silver  electrode  of  approximately  50 
jjiA/cm^  at  r  =  800°C  [6].  Typical  current  densities 
in  anodic  dissolution  experiments  at  much  lower 
temperatures  are  in  the  order  of  1  mA/cm",  and  thus, 
bulk  diffusion  of  vacancies  will  definitely  not  be  able 
to  provide  a  sufficiently  high  relaxation  rate. 

As  a  consequence  of  the  slow  relaxation  of  metal 
vacancies,  the  vacancies  accumulate  and  form  pores 
at  the  boundary.  The  formation  of  pores  has  been 
proven  indirectly  by  dilatometric  measurements  in 
situ  (cf.  Ref.  [38]).  In  Fig.  6,  the  results  of  an 
experiment  at  the  interface  Ag/AgI  are  depicted.  The 
anodic  overvoltage  (see  Fig.  6a)  oscillates  period¬ 
ically  with  a  rather  low  frequency.  Simultaneously, 
the  length  change  of  the  anode /electrolyte  couple 
shows  step-like  oscillations  with  an  identical  fre¬ 
quency.  If  one  assumes  that  (in  a  first-order  approxi¬ 
mation)  the  formation  of  vacancies  in  the  boundary 
and  their  accumulation  to  pores  produces  no  measur¬ 
able  length  change,  the  oscillatory  dilatometer  signal 
can  be  interpreted  as  a  consequence  of  alternating 
pore  growth  and  annihilation.  In  Fig.  6c,  the  corre¬ 
sponding  pore  volume  normalized  by  the  geometric 
interface  area  (V^IA)  is  shown  as  a  function  of  time. 
(Vp/A)  has  the  dimension  of  a  length  and  can  be 
interpreted  as  the  thickness  of  a  porous  boundary 
region  produced  kinetically  during  the  dissolution 
process.  The  zero  pore  volume  at  r  =  0  represents  an 
arbitrary  value,  since  the  pore  volume  in  the  begin¬ 
ning  of  the  experiment  is  not  known.  Only  the 
change  in  pore  volume  can  be  determined  from  the 
experiment.  However,  from  the  analysis  of  an  initial 
transient  in  the  dilatometer  signal  one  can  estimate 
an  initial  thickness  of  the  porous  region  in  the  order 
of  10  fxm.  Fig.  6  shows  that  this  thickness  oscillates 
with  an  amplitude  of  less  than  1  |xm.  Thus,  during 
anodic  dissolution,  a  porous  boundary  region  is 
formed  which  exhibits  slight  oscillations  of  its  width 
in  the  order  of  10%. 

The  picture  is  complicated  by  the  fact  that  at  least 
three  different  transfer  processes  can  be  distin¬ 
guished  in  dynamic  voltammograms  (see  Fig.  7b). 
Characteristic  maxima  indicate  these  individual 
transfer  steps  which  occur  at  different  overvoltages. 
Thus,  process  (a)  takes  place  at  relatively  low 
overvoltages  in  the  order  of  a  few  mV  and  is 
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Fig.  5.  General  scheme  of  processes  at  a  metal /solid  electrolyte  boundary:  (a)  schematic  experimental  setup,  (b)  defect  relaxation,  (c) 
schematic  and  simplified  representation  of  the  microscopic  situation. 


responsible  for  the  base  line  in  the  galvanostatic  time 
series.  Process  (b)  takes  place  at  overvoltages  of 
approximately  50  mV  and  is  responsible  for  the  small 
shoulder  in  the  galvanostatic  voltage  peaks.  Process 
(c)  requires  relatively  high  overvoltages  in  the  order 


of  some  100  mV  and  corresponds  to  the  broad 
maxima  of  the  galvanostatic  time  series  which  are 
superposed  by  high-frequency  oscillations  with  small 
amplitude. 

Since  no  analytic  tools  for  a  direct  local  study  of 


138 


J.  Janek  /  Solid  State  Ionics  131  (2000)  129-142 
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Fig.  6.  Anodic  galvanostatic  dissolution  of  Ag  at  an  Ag/Agl-electrode  {T  —  260®C):  (a)  overvoltage  and  the  corresponding  dilatometer 
signal  (step-like  line)  as  a  function  of  time;  (b)  rate  of  length  change  of  the  Ag/Agl-couple;  (c)  pore  volume  in  the  interface  region 
normalized  by  the  geometric  interface  area  as  a  function  of  time  (see  Ref.  [38]  for  details). 

the  interfacial  processes  are  available,  the  identifica-  in  the  formation  of  the  porous  structure  during  the 
tion  of  these  individual  transfer  steps  is  difficult.  dissolution  process. 

However,  process  (a)  is  probably  related  to  the  metal  Summarizing,  a  number  of  individual  processes 

dissolution  at  small  interface  areas  with  very  high  take  place  simultaneously  and  are  coupled  through 

exchange  current  densities.  Comparable  high  ex-  the  complicated  porous  structure  of  the  boundary 

change  current  densities  are  observed  in  the  study  of  region  to  each  other.  The  transfer  itself  causes  the 

metal  whisker/ electrolyte  interfaces  and  might  be  porosity  and,  thus,  a  complicated  network  of  feed- 

caused  by  a  virtually  coherent  contact  around  a  back  steps  is  set  up.  The  mechanical  pressure 

screw  dislocation  in  the  metal  surface.  Thus,  process  orthonormal  to  the  interface  plays  the  role  of  a 

(a)  gives  some  indication  of  locally  restricted  coher-  control  parameter  [21].  Its  strong  influence  on  the 

ent  contacts  at  the  interface.  Process  (c)  shows  the  kinetics  gives  additional  evidence  for  the  macro¬ 
characteristic  features  of  oscillations  during  the  scopic  character  of  the  interfacial  instabilities.  In 

electrolysis  of  solid  electrolytes,  thus  it  might  be  terms  of  Franck’s  analysis,  both  systemic  and  non- 

related  to  the  decomposition  of  Agl  and  corre-  systemic  feedback  steps  are  involved.  A  systematic 

spending  pore  formation  in  the  electrolyte  surface.  physico-chemical  model  of  the  oscillatory  kinetics 

Process  (b),  which  takes  place  at  intermediate  over-  still  has  to  be  developed. 

voltages,  might  be  due  to  the  transfer  of  silver  Electrochemical  oscillations  have  also  been  ob- 

adatoms.  These  are  supplied  by  surface  diffusion  on  served  at  ion-blocking  interfaces  (anodic  polarisa- 

the  surfaces  of  pores  and  probably  play  a  crucial  role  tion)  of  the  type  Pt/AgX  (X  =  Cl,  Br,  I)  [5,57]  and 
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Fig.  7.  Anodic  galvanostatic  dissolution  of  Ag  at  an  Ag/Agl-electrode  {T  ==  260^,  7  =  1.56  mA/cm^):  (a)  overvoltage  as  a  function  of  time; 
(b)  dynamic  current /voltage  characteristics  of  the  electrode  from  a  cyclic  voltammogram  (sweep  rate,  0.1  V/min). 


Pt/Ag4Rbl5  [58].  So  far,  no  oscillations  with  well- 
defined  modes  have  been  observed  in  these  systems. 
As  depicted  schematically  in  Fig.  8,  the  galvanostatic 
voltage  oscillations  are  caused  by  the  local  decompo¬ 
sition  of  the  electrolyte  and  the  corresponding  pore 
formation.  Thus,  again  a  mechanical  feedback  is 
operating. 

5.  The  anodic  electrolysis  of  an  ionic  conductor 

The  anodic  electrolysis  of  a  cation-conducting 
solid  electrolyte  at  an  inert  electrode  leads  to  the 
annihilation  of  negatively  charged  vacancies,  which 
migrate  toward  the  anode  driven  by  the  electric  field, 
and  to  the  oxidation  of  the  non-metal  anions.  The 
corresponding  reaction  equation  is  shown  in  Fig.  2b. 
Each  non-metal  molecule  which  is  formed  leaves 
two  vacant  lattice  molecule  sites  at  the  boundary,  i. 
e.  the  contact  area  is  continuously  reduced  during  the 
electrolysis.  In  Fig.  8,  the  electrolysis  of  semicon¬ 


ducting  Co^.^O  at  a  platinum  point  electrode  is 
depicted  schematically,  Co^.^O  contains  mobile 
cation  vacancies  which  are  negatively  charged  rela¬ 
tive  to  the  cation  sublattice,  but  due  to  a  small  ionic 
transference  number  in  the  order  of  10 the  electric 
current  is  primarily  maintained  by  electronic  charge 
carriers  (electron  holes).  Applying  a  constant  current 
of  1  mA  to  the  electrode  with  a  geometric  contact 
area  of  100  |uim^,  the  oxide  is  thus  dissolved  with  a 
relatively  large  rate  of  approximately  0.1  pim/s.  As 
already  reported  in  Ref.  [37],  quasi-periodic  oscilla¬ 
tions  of  the  anodic  overvoltage  with  a  frequency  of 
roughly  0.5  s~^  are  observed,  being  equivalent  to  the 
annihilation  of  approximately  0.2  |xm  oxide  per 
oscillation  period.  This  length  is  in  surprisingly  good 
correspondence  to  the  typical  length  per  oscillation 
period,  which  has  been  observed  at  Ag/Agl-elec- 
trodes.  It  shows  that  the  oscillatory  kinetics  is  rather 
caused  by  macroscopic  morphological  changes  than 
by  structural  changes  on  an  atomic  scale. 

Fig.  9  shows  the  result  of  a  typical  galvanostatic 
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Fig.  8.  Electrolysis  of  a  semiconducting  oxide  A,  .^0  at  an  inert  metal  (point)  electrode,  (b)  Interfacial  morphology,  (c)  anodic  electrode 
process  and  formation  of  surface  defects. 


experiment.  Experiments  on  the  dissolution  and 
growth  of  CoO  and  other  oxides  at  YSZ  anodes  will 
be  performed  in  a  forthcoming  study,  in  order  to 
realize  the  kinetic  situation  which  is  depicted 
schematically  in  Fig.  lb.  The  build-up  of  high 
oxygen  pressures  in  closed  pores  within  the  bound¬ 
ary  is  avoided  by  the  use  of  an  oxygen  ion-conduct¬ 
ing  anode,  and  it  will  be  interesting  whether  oscillat¬ 
ory  kinetics  is  observed. 


exemplified  by  electrodes  of  the  type  Ag/AgX  and 
Pt/CoO,  these  reactive  processes  will  generally  lead 
to  morphological  changes  of  the  boundary  and  the 
surrounding  region.  These  morphological  changes 
cause  mechanical  instabilities  and  may  lead  to  the 
complete  destruction  of  initially  well-defined 
boundaries.  Furthermore,  the  ion  transfer  induces  a 
strong  feedback  via  the  structural  and  morphological 
consequences  of  the  transfer  process. 


6.  Conclusions 

It  is  demonstrated  that  ion  transfer  across  a  solid/ 
solid  boundary  is  often  related  to  reactive  processes 
which  may  cause  strong  non-linear  effects.  As 
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Abstract 

The  potential  impact  of  high  densities  of  interfaces  in  nanocrystalline  solids  on  ionic  conduction  and  defect  formation  are 
examined.  The  literature  on  three  oxides;  cubic  zirconia,  ceria  and  titania,  is  reviewed.  While  it  remains  too  early  to  make 
firm  conclusions,  the  following  observations  are  made.  Additives  which  contribute  to  ion  blocking  at  grain  boundaries  are 
diluted  in  nanocrystalline  oxides  giving  rise  to  substantial  reductions  in  specific  grain  boundary  resistivities.  The  case  for 
enhanced  ionic  conduction  in  nanocrystalline  oxides  remains  unresolved  due  to  conflicting  reports  and  inadequate  efforts  to 
isolate  the  ionic  from  the  total  conductivity.  There  is  strong  support  for  the  notion  that  the  energetics  for  defect  formation 
may  be  substantially  reduced  in  nanocrystalline  oxides  leading  to  markedly  increased  levels  of  nonstoichiometry  and 
electronic  carrier  generation.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Ionic  conductivity;  Nanocrystalline;  Zirconia;  Ceria;  Titania;  Defects 


1.  Introduction 

The  influence  of  grain  boundaries  on  the  electrical, 
diffusive  and  defect  properties  of  electroceramics  has 
been  recognized  for  some  time.  In  ZnO  varistors,  for 
example,  grain  boundaries,  depleted  of  free  elec¬ 
trons,  serve  to  increase  the  overall  resistance  of  the 
device,  at  low  fields,  by  a  factor  of  =====  10^^  [1]. 
Similarly,  impurities  such  as  Si02,  known  to  segre¬ 
gate  to  the  grain  boundaries  in  stabilized  zirconia  and 
ceria,  reduce  the  effective  oxygen  ion  conductivity 
by  as  much  as  several  orders  of  magnitude  [2~5]. 
Alternatively,  grain  boundaries  may  serve  as  ‘short 
circuiting  pathways’  as  they  do  in  Lil-Al203  com¬ 
posites  leading  to  enhancements  in  Li  ion  conduc- 
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tivity  by  nearly  two  orders  of  magnitude  [6].  Given 
the  recent  and  rapidly  growing  interest  in 
nanocrystalline  solids,  one  logically  questions  the 
impact  that  this  change  in  scale  may  have  on  the 
properties  of  solid  state  ionic  materials.  In  this 
article,  we  consider  why  transport  across  or  along 
grain  boundaries  in  solids  with  nanometer-sized 
grains  may  differ  distinctly  from  that  in  conventional 
polycrystalline  solids.  We  also  consider  how  defect 
generation  may  be  influenced  by  the  change  in  scale 
and  the  impact  this  may  have  on  mixed  ionic-elec¬ 
tronic  conduction  (MIEC)  in  solids. 

2.  Impact  of  interfaces  on  ionic  conduction 

Since  ions  move  by  a  thermally  activated  ‘hop¬ 
ping’  motion  between  near  equivalent  sites,  high 
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temperature  operation  is  normally  required  to 
achieve  reasonably  high  levels  of  ionic  conductivity 
in  most  ionic  solids.  Well-known  exceptions  exist 
such  as  aAgI  and  some  Ag  and  Li-based  oxide  and 
sulfide  glasses  [7]  which  exhibit  high  levels  of  ionic 
conductivity  at  or  in  the  near  vicinity  of  room 
temperature.  This  follows  from  the  fact  that  they  are 
simultaneously  highly  disordered  and  exhibit  con¬ 
tinuous,  open  channels  between  ion  sites. 

In  contrast  to  the  above  two  examples,  in  which 
the  source  of  ionic  disorder  is  intrinsic  in  nature, 
stabilized  cubic  zirconia  (e.g.  Zrj_^.Y^.02_,/2)  is  a 
well-known  example  in  which  disorder  is  induced  by 
the  addition  of  aliovalent  elements.  Nevertheless, 
temperatures  of  the  order  of  900-1000°C  are  re¬ 
quired  to  reach  levels  of  ionic  conductivity  of  —0.1 
S/cm,  given  the  much  larger  ionic  radius  of  oxygen 
and  consequently  lower  mobility. 

A  number  of  oxygen  ion  conductors,  largely 
stabilized  zirconia,  ceria  and  lanthanum  gallate  are 
prime  candidates  to  serve  as  the  solid  electrolyte  in 
the  solid  oxide  fuel  cell.  For  reasons  related  to 
long-term  stability  and  cost,  one  would  like  to  drop 
the  operating  temperature  of  these  devices  by  at  least 
several  hundred  degrees.  Decreased  temperatures, 
however,  require  increased  electrolyte  conductance 
and  enhanced  gas/electrode  reaction  kinetics.  An 
intriguing  question  is  whether  polycrystalline 
ceramics,  with  nanosize  grains,  would  exhibit  en¬ 
hanced  ionic  conduction  due  to  transport  along  the 
grain  boundaries. 

It  is  indeed  well-known  in  the  materials  communi¬ 
ty  that  grain  boundary  diffusion  is  often  orders  of 
magnitude  greater  than  corresponding  ‘bulk’  diffu¬ 
sion  through  the  grains.  This  is  illustrated  in  the 
classic  diffusion  studies  on  NiO  [8]  as  illustrated  in 
Fig.  1  in  which,  for  example,  the  oxygen  grain 
boundary  diffusivity  at  ~  1300°C  is  reported  to  be 
approximately  six  orders  of  magnitude  higher  than 
that  in  the  lattice.  Presumably,  the  source  of  en¬ 
hanced  diffusion  results  from  the  fact  that  a  high 
percentage  of  displaced  atoms  with  corresponding 
strained  bonds  and  excess  volume  exist  at  the 
interface  between  the  misaligned  adjacent  grains. 
Grain  boundaries  thus  intrinsically  appear  to  possess 
the  two  key  characteristics  necessary  for  enhanced 
ionic  diffusion:  high  defect  densities  (displaced 
atoms)  and  high  mobilities  (interconnected  excess 


TJ*C) 


Fig,  1.  Nickel  and  oxygen  self-diffusion  in  bulk,  in  dislocation 
and  in  grain  boundaries  of  nickel  oxide  [8], 


free  volume).  There  are,  however,  surprisingly  few 
cases  in  which  the  source  of  the  enhanced  diffusion 
at  grain  boundaries  has  been  well  established. 

High  ionic  diffusivities  are  insufficient  by  them¬ 
selves  to  insure  high  ionic  conductivities.  Indeed,  in 
conventional  polycrystalline  materials,  the  fractional 
cross-sectional  area  of  grain  boundaries  lying  parallel 
to  the  current  flux  is  very  small.  Consider  the 
idealized  ‘brick  model’  schematic  in  Fig.  2,  in  which 
cubic  grains  with  dimension  L  on  each  side  are 
separated  from  each  other  by  grain  boundaries  of 
width  2h.  Ignoring  blocking  effects  of  boundaries 
perpendicular  to  current  flow,  the  relative  ratio  of 
cross-sectional  areas  is 

A(grains)  ^  L 

A(boundaries)  Ab  ^ 

Thus  to  achieve  equal  conductance,  the  grain  bound- 
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Fig.  2.  Brick  layer  model  of  idealized  polycrystalline  structure  in  which  grains  of  dimensions  are  separated  by  grain  boundaries  of  width 
2h  [6]. 


ary  conductivity  must  be  larger  than  the  grain 
conductivity  ct^  by 

^GB  “  (2) 

For  a  typical  polycrystalline  material  with  average 
grain  size  of  1  pim  and  a  grain  boundary  core  width 
of  1  nm,  o-QB  ~  500 (Tg  is  required  to  merely  double 
the  overall  conductance  of  the  material. 

Consider  instead  the  schematic  of  a  nanocrystal¬ 
line  solid  in  Fig.  3  in  which  the  dimensions  of  the 
grain  boundaries  become  comparable  to  those  of  the 
grains.  Here  a  significant  fraction  of  the  atoms  lie  in 
the  disordered  region  of  the  boundaries  and  can  be 
expected  to  contribute  to  enhanced  conductivity. 
Thus  for  geometries  for  which  L~4b,  a  grain 
boundary  conductivity  which  is,  say,  several  orders 
of  magnitude  greater  than  that  in  the  bulk  will 
translate  into  a  similar  enhancement  (less  a  factor  of 
2)  in  the  overall  ionic  conductivity  of  the  specimen. 

The  intuitive  image  of  a  highly  disordered  grain 
boundary  region,  as  depicted  in  Fig.  3,  is  not  bom 
out  by  high  resolution  transmission  electron  micro¬ 
scopy.  It  is  instmctive  to  examine  the  high  resolution 
microscopy  images  of  NiO  obtained  by  Merkle  [10] 
and  reproduced  in  Fig.  4.  One  observes  that  stmctur- 
al  disorder  in  the  grain  boundary  ‘core’  is  accomo¬ 


dated  within  several  atomic  planes  of  the  boundary 
and  rather  than  being  randomly  dispersed,  ‘defects’ 
organize  themselves  and  create  a  new  periodic 
stmcture  at  the  interface.  Indeed,  recent  TEM  ob¬ 
servations  of  nanocrystalline  ceria  [11]  show  crys¬ 
tallites  with  high  levels  of  perfection  separated  by 
atomically  sharp  boundaries  with  no  indication  of  the 
glass-like  disorder  discussed  in  the  early  diffusion 
literature. 

An  additional  explanation  for  enhanced  conduc¬ 
tion  at  boundaries  is  related  to  the  formation  of  space 
charge  regions  in  the  grains  adjacent  to  the 
boundaries.  Charged  species,  impurities  and/or  de¬ 
fects,  tend  to  segregate  to  the  grain  boundaries  in 
order  to  lower  the  strain  and  electrostatic  energies  of 
the  system.  These  boundary  charges  are  compensated 
by  the  formation  of  space  charge  in  the  adjoining 
grains.  Thus,  bulk  ionic  defects  with  like  charge  to 
that  of  the  boundary  will  be  depleted  while  those 
with  opposite  charge  will  be  accumulated  in  the 
space  charge  region.  If  the  bulk  defect  with  high 
mobility  is  accumulated  in  the  space  charge  region, 
the  overall  conductivity  of  the  solid  should  increase. 
The  width  of  this  space  charge  region  is  tied  to  the 
Debye  screening  length, 


(3) 
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Fig.  3.  Schematic  of  grains  (dark  circles)  separated  by  grain  boundary  regions  (open  circles)  of  comparable  dimensions  [9]. 


in  which  C.  is  the  concentration  of  the  bulk  majority 
carrier.  For  a  solid  with  6,.=  10  and  C^,  =  10““  m  ‘  at 
600  K,  this  leads  to  a  Debye  length  of  —  50  nm  and  a 
space  charge  width  of  approximately  two  times  that 
value.  Thus,  the  effective  boundary  width  contribut¬ 
ing  to  enhanced  conductivity  may  be  many  times 
greater  than  the  boundary  core  width. 

Maier  [6]  has  calculated  the  additional  boundary 
contribution,  to  be 

A<7"’=(4L„/rf)K,,  +  a,J  (4) 

in  which  d  is  the  average  grain  size  and  a;  and 
a;  are  the  mean  space  charge  conductivities  due  to 
vacancies  and  interstitials  respectively.  The  boundary 
contribution  is,  thus,  given  by  the  product  of  the 
areal  fraction  of  the  interface  and  the  mean  space 


charge  conductivity.  Obviously,  as  approaches  d, 
as  it  does  in  nanocrystalline  solids,  this  contribution 
can  become  significant.  However,  an  additional 
factor  must  be  taken  into  account  under  these 
circumstances. 

As  illustrated  in  Fig.  5,  as  d  approaches  Lp,  the 
defect  density  at  the  center  of  the  grain  no  longer 
reverts  back  to  the  background  value  Q.  Thus,  in  the 
limit  of  small  grains,  local  charge  neutrality  is 
nowhere  satisfied.  Under  these  circumstances,  Maier 
has  shown  that  an  additional  nano-size  factor  g, 
given  by  [12] 

^=(4L„/^[(C°-Q/r]''2  (5) 

where  C°  is  the  concentration  of  the  majority  mobile 
defect  at  the  first  layer  adjacent  to  the  interface  core. 
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Fig.  4.  High  resolution  electron  micrograph,  above,  and  a  calculated  image,  below,  of  a  (310)  symmetric  <  100 >  tilt  boundary  in  NiO  [10]. 


further  enhances  the  grain  boundary  contribution  to 
the  conductivity  compared  to  the  case  where  d^L^. 
For  large  C°  (  »  Q),  g^{AL^Id)  which  reaches  an 
order  of  magnitude  for  d  =  0AL^  [12]. 

In  the  last  few  years,  a  number  of  oxides  known  to 
exhibit  ionic  conductivity,  such  as  stabilized  zirconia 
and  ceria,  have  been  prepared  in  nanocrystalline 
form  and  their  transport  properties  have  been  re¬ 
ported.  In  the  following,  we  review  these  results, 
focusing  particularly  on  the  trend  in  magnitude  of 
both  ionic  and  electronic  conductivity  as  the  average 
grain  size  is  reduced  to  the  nanometer  regime.  Our 
interest  in  the  electronic  conductivity  derives  from 
the  apparent  change  in  defect  thermodynamics  at  the 
nanometer  scale.  This  translates  into  reduced  defect 
formation  energies  and,  under  certain  circumstances, 
markedly  enhanced  electronic  conductivities  which 


may  mask  increases  in  the  ionic  conductivity.  This 
may  be  detrimental  for  applications  in  which  one 
wishes  to  utilize  the  material  as  a  solid  electrolyte  or 
beneficial  where  the  requirement  is  for  high  levels  of 
mixed  ionic-electronic  conductivity  as  in  fuel  cell 
electrodes  or  in  oxygen  permeation  membranes  [13]. 

Another  feature  which  deserves  particular  atten¬ 
tion  is  the  influence  of  grain  boundaries  lying 
perpendicular  to  the  flow  of  current.  As  mentioned  at 
the  beginning  of  this  article,  such  boundaries  often 
block  the  flow  of  current,  and  as  the  grain  size 
decreases,  could  contribute  to  an  overall  decrease  in 
conductivity.  Thus,  in  analyzing  the  effects  of  grain 
size  on  conductivity,  it  is  important  to  able  to 
comment  on  the  relative  effects  of  boundaries  both 
parallel  and  perpendicular  to  the  flow  of  current.  In 
the  literature  published  to  date,  this  information  is 
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Fig.  5.  Defect  profiles  in  structures  with  dimension,  d.  The  build  defect  concentration  is  not  reached  when  d  <s:  4/.,^,  where  L,,  is  the  debye 
length  [12]. 


often  difficult  to  assess.  Finally,  we  consider  recent 
evidence  for  ionic  conductivity  in  nano-crystalline 
Ti02,  an  oxide  normally  viewed  as  a  semiconductor. 


3.  Ion  transport  in  nanocrystalline  oxides 

3A.  Stabilized  zirconia 

A  recent  study  by  Aoki  et  al.  [5]  reports  perhaps 
the  clearest  correlation  between  grain  size  and  ionic 
conductivity.  In  this  study  of  high  purity  15  mol% 
CaO-stabilized  zirconia,  a  clear  correlation  was 
established  between  the  amount  of  Si  segregated  to 
grain  boundaries,  as  established  by  high  resolution 
STEM,  and  the  corresponding  grain  boundary  resis¬ 
tivity,  as  derived  by  complex  impedance  measure¬ 
ments.  The  solute  coverage  in  this  high  purity 
material  could  be  systematically  varied  by  changing 
the  grain  size  over  a  0.1-10  [xm  range  at  constant 
impurity  and  doping  levels. 

Of  particular  interest  to  this  work  are  the  results 
shown  in  Fig.  6,  which  show  that  the  specific  grain 
boundary  conductivity  drops  sharply  initially  with 
increasing  grain  size  and  ultimately  saturates  above 
~4  fxm.  This  drop  in  specific  grain  boundary  con- 


Grain  Size  (/xm) 


Fig.  6.  Specific  grain  boundary  conductivity  in  calcia  stabilized 
zirconia  at  500°C  vs.  grain  size  [5]. 


ductivity  by  about  a  factor  of  15  is  correlated  with  a 
corresponding  increase  in  silicate  (Si2Ca307)  cover¬ 
age  of  the  grain  boundaries.  Note,  first,  that  in  the 
regime  of  these  studies,  the  solute  coverage  averages 
below  a  monolayer,  and  second,  that  the  strongest 
dependence  of  grain  boundary  resistance  on  silicate 
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coverage  occurs  at  low  coverage  levels.  These  results 
suggest  that  grain  boundary  resistance  due  to  block¬ 
ing  effects  at  perpendicular  boundaries  may  drop  to 
exceptionally  low  values  in  relatively  pure  (relative 
to  segregants  such  as  Si)  nanocrystalline  conductors. 
This  seems  to  be  bom  out,  at  least,  in  some  sub¬ 
sequent  studies. 

While  the  work  by  Aoki  et  al.  [5]  demonstrated  a 
clear  dependence  of  grain  boundary  conductance  on 
grain  size,  the  smallest  grain  size  examined,  140  nm, 
was  larger  than  that  normally  associated  with 
nanocrystalline  solids,  i.e.  typically  several  to  100 
nm.  In  the  following,  we  review  studies  performed 
on  stabilized  zirconia  ceramics  with  grain  sizes 
falling  into  this  category. 

Mondal  and  Hahn  [14]  prepared  nanocrystalline 
zirconia  stabilized  with  2-3  mol%  yttria  beginning 
with  powders  processed  by  the  inert-gas  condensa¬ 
tion  technique  and  followed  by  sintering.  The  re¬ 
sultant  specimens  had  grain  sizes  between  35  and  50 
nm  and  relative  densities  between  82  and  93%. 
Activation  energies  for  bulk  (0.85  ±0.05  eV)  and 
grain  boundary  conductivity  (1.0±0.1  eV)  as  well  as 
absolute  values  of  conductivity  coincided  with  that 
of  conventional  ceramics  as  illustrated  in  Fig.  7.  The 
absence  of  significant  effects  was  attributed  to  the 
insufficiently  small  grain  sizes  of  their  samples. 
Jiang  et  al.  [15]  reached  similar  conclusions.  They 


prepared  ultra-fine  grained  yttria- stabilized  zirconia 
by  combustion  synthesis  using  metal  nitrates  as 
precursors.  Compressed  pellets  were  sintered  by  fast¬ 
firing  at  1200-1400°C.  Relative  density  was  less 
than  95%  for  average  grain  sizes  less  than  200  nm. 
They  also  found  activation  energies  for  grain  and 
grain  boundary  conduction  (0.95  and  1.2  eV)  to  be  in 
agreement  with  values  for  materials  with  micron¬ 
sized  grains.  Here,  the  grain  size  was  even  larger; 
over  90  nm  in  all  cases. 

On  the  contrary,  Kosacki  et  al.  [16],  who  investi¬ 
gated  yttria  (16%)-stabilized  zirconia  (YSZ)  thin 
films  prepared  by  a  polymer  precursor  process  on 
alumina  substrates,  found  that  the  nanocrystalline 
materials  exhibited  a  two  order  of  magnitude  in¬ 
crease  in  conductivity  compared  to  polycrystalline 
and  single  crystalline  materials.  Fig.  8  compares  the 
impedance  spectra  obtained  for  single,  poly  and 
nanocrystalline  YSZ.  A  clear  grain  boundary  (gb) 
contribution  at  intermediate  frequencies  is  evident  in 
the  impedance  spectra  of  polycrystalline  YSZ  with 
grain  size  above  1  (xm.  For  nanocrystalline  YSZ,  a 
single  semicircle,  obtained  at  high  frequency  is 
attributed  to  the  superposition  of  bulk  and  grain 
boundary  effects.  The  bulk  conductivities,  as  de¬ 
termined  from  the  high  frequency  intercepts  on  the 
real  axis  for  single  and  polycrystalline  YSZ  (grain 
size  >1.3  |xm)  show  no  dependence  on  grain  size  as 
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Fig.  7.  Comparison  of  bulk  and  grain  boundary  conductivities  of  nano-  and  micro-crystalline  YSZ  [14]. 


(ohms)  Z"  (ohms) 


150 


H.L.  fuller  /  Solid  State  Ionics  131  (2000)  143-157 


Z  (ohms) 


H.L.  Tuller  /  Solid  State  Ionics  131  (2000)  143-157 


151 


Fig.  9.  Comparison  of  electrical  conductivity  for  single  crystal,  bulk  microcrystalline  specimens  and  nanocrystalline  thin  films  of  YSZ  [16]. 


evident  from  Fig.  9.  On  the  other  hand,  the  corre¬ 
sponding  data  for  poly  crystalline  YSZ  with  sub¬ 
micron  size  grains  show  a  substantial  enhancement 
in  conductivity  above  that  of  the  larger  grain  materi¬ 
als,  This  increase  in  conductivity  is  associated  with  a 
reduction  of  the  activation  energy  from  1.15  to  0.93 
eV.  The  authors  suggest  that  the  high  frequency 
resistance  of  the  nanocrystalline  YSZ  is  largely 
determined  by  the  grain  boundary  resistance  and 
attribute  the  sharp  drop  in  the  specific  grain  bound¬ 
ary  resistance  to  a  decrease  in  the  level  of  impurities 
segregating  to  the  boundaries  as  in  Ref.  [5].  It  must 
be  noted,  however,  if  much  of  the  high  frequency 
resistance  is  attributed  to  grain  boundary  blocking, 
this  would  imply  even  higher  bulk  conductivity 
enhancements  than  those  suggested  in  Fig.  9. 

At  this  time,  one  can  only  speculate  about  the 
origin  of  the  large  discrepancy  between  the  study  of 
Kosacki  et  al.  [16]  and  those  of  Mondal  and  Han 
[14]  and  Jiang  et  al.  [15].  The  key  difference 
between  these  studies  is  the  manner  in  which  the 
nanocrystalline  specimens  were  prepared.  In  Ref. 
[16],  thin  films  of  about  1  fxm  thickness  were 
prepared  by  a  polymer  precursor  spin  coating  pro¬ 
cess,  while  in  Refs.  [14,15],  bulk  specimens  were 
prepared  by  pressing  and  sintering  ultra-fine  powders 
prepared  by  combustion  synthesis  or  inert-gas  con¬ 
densation.  Since  films  have  a  large  surface  to  volume 


ratio,  they  tend  to  be  more  susceptible  to  the 
influence  of  humidity  on  the  exposed  side  and  film- 
substrate  interactions  on  the  opposite  side.  Control 
experiments  in  which  alternate  substrates  are  used 
and  the  relative  humidity  is  varied  under  controlled 
conditions  would  help  in  clarifying  the  source  of 
enhanced  ionic  conduction  in  thim  film  nanocrystal¬ 
line  YSZ. 

3.2.  Ceria 

3.2.1.  Undoped  ceria 

In  contrast  to  stabilized  zirconia,  ceria  (Ce02)  is 
stable  in  the  cubic  fluorite  phase  without  the  need  for 
additives.  Ce"^^  reduces  to  Ce^^  at  elevated  tempera¬ 
tures  and  reducing  atmospheres  resulting  in  a  high 
degree  of  oxygen  deficiency  and  n-type  semiconduc¬ 
tivity  [17,18],  Doping  with  acceptors  such  as  Y^"^  or 
Gd^*^,  like  YSZ,  transforms  ceria  into  an  excellent 
solid  oxide  electrolyte  [19].  These  features  appear  to 
contribute  to  ceria’ s  unusual  catalytic  activity.  In 
particular,  high  surface  area  nanocrystalline  Ce02_^ 
exhibits  exceptionally  high  catalytic  activity  already 
at  low  temperatures  in  redox  reactions  such  as  CO 
oxidation  and  SO2  reduction  by  CO  [20]. 

It  is  of  interest  to  establish  the  source  of  the 
enhanced  catalytic  activity  of  nanocrystalline  ceria. 
To  that  end,  Tschope  et  al.  [21]  examined  the 
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electrical  properties  of  porous  nanocrystalline  ceria 
as  a  function  of  temperature  and  at  several  different 
atmospheres.  A  typical  complex  impedance  plot, 
which  exhibits  strong  overlap  between  two  semicir¬ 
cles,  is  shown  in  Fig.  10.  Also  shown  is  the  fitted 
equivalent  R-C  circuit.  The  two  capacitances  were 
found  to  be  within  an  order  of  magnitude  of  each 
other,  not  surprising  given  that  the  grain  size  in 
nanocrystalline  solids  approaches  the  same  order  of 
magnitude  as  the  space  charge  width.  This  illustrates 
that  the  distinction  between  bulk  and  grain  boundary 
regions  tends  to  vanish  as  the  grain  size  is  reduced  to 
the  nanometer  regime  [21],  consistent  with  observa¬ 
tions  for  YSZ  [16]  as  well  as  for  other  studies  of 
CeO^  [11]  and  TiO^  [22]. 

The  activation  energy  for  conduction  in  porous 
nancrystalline  Ce02  (0.7  eV)  was  found  to  be  less 
than  half  of  that  reported  for  single  crystalline  Ce02 
(1.97  eV)  [8]  pointing  to  a  reduced  enthalpy  of 
defect  formation.  Because  porous  materials  are  more 
difficult  to  interpret  due  to  uncertainties  related  to 
open  porosity,  surface  adsorption  and  constrictions  at 
particle  contacts,  Chiang  et  al.  [11]  prepared  Ce02_^ 
polycrystals  of  *^10  nm  grain  size  with  densities  of 
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Fig.  10.  Complex  impedance  spectrum  of  nanocrystalline  CeO,_, 
at  ISOX  in  a  hydrogen  atmosphere  and  equivalent  circuit  [21], 
Note  strong  overlap  of  high  and  low  frequency  semicircles. 


greater  than  95%  by  several  processing  routes.  These 
included  powders  prepared  by  inert  gas  condensation 
and  by  a  chemical  route.  Both  sets  of  powders  were 
densified  at  1.1  GPa  pressure  at  600°C  for  ~1  h 
thereby  maintaining  an  average  grain  size  of  ~10 
nm.  Reference  specimens  of  ~5  fxm  grain  size  were 
prepared  by  firing  identical  nanocrystalline  pellets  at 
1200°C  for  12-15  h.  This  allowed  for  one-to-one 
comparison  between  specimens  which  differed  ideal¬ 
ly  only  in  microstructure. 

The  bulk  conductivity  (7’=600°C),  as  derived 
from  the  high  frequency  part  of  the  impedance 
spectra,  is  shown  plotted  in  Fig.  11  as  a  function  of 
for  the  10  nm  and  5  juim  grain  size  materials. 
Note  that  while  the  large  grained  material  is 
independent  at  high  suggesting  ionic  conduction, 
nanosized  material  is  P^y^  dependent,  indicative  of 
n-type  semiconducting  behavior.  Furthermore,  if  one 
extrapolates  the  electronic  conductivity  of  the  5  jxm 
material  to  10*^  Pa  (1  atm),  one  observes  -10"^ 
enhancement  in  electronic  conductivity  for  the 
nanocry satl line  material.  As  in  the  above  study  [21], 
the  activation  energy  for  electronic  conduction  is 
much  reduced  in  nanocrystalline  Ce02  (0.99-1.16 
eV)  as  compared  to  the  coarsened  material  (2.45  eV). 
Kosacki  et  al.  [23]  found  similar  results  for  thin  film 
CeO.. 
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Fig.  11.  The  bulk  conductivity  of  nanocrystalline  (^/'^10  nm)  and 
coarsened  microcrystalline  {^/~5  mm)  CeO,_ ,  measured  at  600°C 
as  a  function  of  oxygen  partial  pressure  [11]. 
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One  may  relate  these  energies  to  the  enthalpy  of 
reduction  by  considering  the  appropriate  reduction 
reaction 

Oq  Vo  +  2e'  +  ^02(g)  (6) 

which  for  dilute  concentrations  has  the  mass  action 
relation 

K^(T)  =  exp(  -  =  [Voln^Pj,';  (7) 

Assuming  the  vacancy  density  is  fixed  by  acceptor 
impurities  as  evident  in  Fig.  11  for  the  coarsened 
material  and  noting  that  the  activation  energy  for 
conduction  is  given  by 


where  (=0.4  eV)  is  the  hopping  energy  of 
electrons  [18],  one  derives  values  of  1.18-1.52 
eV  for  nanocrystalline  Ce02  versus  4.10  eV  for 
coarsened  Ce02.  This  large  dependence  of  the 
effective  reduction  enthalpy  on  grain  size  suggests, 
as  in  Ref.  [20],  that  defect  generation  at  grain 
boundaries  and  surfaces  becomes  predominant  as 
these  interfaces  become  more  predominant. 

Porat  et  al.  [24]  investigated  the  non-stoichiometry 
of  nanocrystalline  Ce02  by  coulometric  titration. 
Large  apparent  deviations  from  stoichiometry  of  up 
to  10”^  were  found.  The  oxygen  deficiency  follows 
an  oxygen  pressure  dependence  with  an  exponent  of 
—  1/2.  This  can  be  understood  if  neutral  oxygen 
vacancies  are  majority  defects  in  nanocrystalline 
Ce02  or  that  oxygen  losses  upon  reduction  are 
largely  due  to  oxygen  desorption  from  particle 
surfaces.  The  latter  interpretation  corroborates  the 
conclusions  of  Tschope  and  Birringer  [25],  who 
investigated  chemically  precipitated  cerium  dioxide 
annealed  at  550  and  600°C  by  thermogravimetry. 
Pressure /composition  isotherms  at  500,  550  and 
660°C  of  nanocrystalline  and  conventional  polycryst¬ 
als  showed  a  two-phase  region  only  at  the  highest 
temperature,  where  bulk  reduction  was  observed.  At 
lower  temperature,  surface  oxygen  was  desorbed 
with  the  larger  apparent  oxygen  deficiency  of 


nanocrystalline  materials  correlated  with  the  larger 
surface  area. 

3.2.2.  Ce02  solid  solutions 

Large  deviations  from  stoichiometry  were  also 
found  in  nanocrystalline  Ce02-PrO^  solid  solutions 
by  Knauth  and  Tuller  [26].  Of  special  note  was  the 
observation  of  chemical  diffusivities  with  low  activa¬ 
tion  energy  of  0.3  eV.  This  is  suspected  to  reflect  the 
presence  of  fast  diffusion  pathways. 

Chiang  and  co workers  [27,28]  investigated  highly 
dense  gadolinium-doped  cerium  dioxide  samples 
with  about  10  nm  average  crystallite  size.  With  a 
relatively  small  gadolinium  concentration  (1.5 
mol%),  qualitatively  similar  results  with  the  nomi¬ 
nally  undoped  samples  were  found:  a  strongly  en¬ 
hanced  electronic  conductivity  and  a  small  reduction 
enthalpy.  This  is  experimental  support  for  ‘undop¬ 
ing’  of  grains  due  to  the  small  grain  size  [5].  The 
grain  boundary  resistance  was  higher,  likely  because 
of  gadolinium  segregation.  In  heavily  doped 
nanocrystalline  Ce02  samples  (26  mol%),  no  signifi¬ 
cant  increase  in  bulk  ionic  conductivity  compared 
with  a  conventional  sample  was  found.  It  appears 
that  transport  along  grain  boundaries,  which  is  likely 
to  be  seen  together  with  the  bulk  response,  did  not 
play  a  significant  role,  neither  by  ionic  diffusion  in 
interface  cores  nor  in  space  charge  regions  due  to 
carrier  accumulation.  In  total,  reduction  of  grain  size 
resulted  in  an  increase  of  total  resistance  and  the 
grain  boundaries  remained  highly  blocking,  even  in 
nanocrystalline  samples. 

3.3.  Titania 

Nanocrystalline  titanium  dioxide  is  being  ex¬ 
ploited  as  the  active  element  in  inexpensive  photo¬ 
voltaic  cells  and  as  the  photocatalyst  in  water 
treatment  plants  to  oxidize  dissolved  organics 
[29,30].  It  is  also  one  of  a  number  of  semiconducting 
oxides  which  has  been  considered  as  a  potential 
oxygen  sensor.  It  is  therefore  of  interest  to  establish 
if  nanostructured  titania  exhibits  enhanced  ionic 
diffusion  and/or  defect  generation. 

Knauth  and  Tuller  [22]  prepared  dense  (-95%) 
compacts  of  Ti02  with  the  anatase  phase.  The 
average  grain  size  was  35  ±10  nm.  The  depen¬ 
dence  of  the  electrical  conductivity  is  shown  plotted 
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in  Fig.  12.  In  contrast  to  the  p-to-n  transition 
exhibited  by  coarsened  titania  at  intermediate  , 
one  observes  an  apparent  ionic  plateau  at  high  Pq^ 
and  an  n-type  regime  at  low  ,  The  Pq'/^  depen¬ 
dence  of  the  n-type  conductivity  is  distinctly  stronger 
than  the  Pq/^  dependence  exhibited  by  the  coarse¬ 
ned  material. 

The  ionic  conductivity  is  shown  plotted  in  Fig.  13 
as  a  function  of  reciprocal  temperature.  The  ionic 
conductivity  is  described  by 

/2.2X10’\  /  leV\ 

<^ion=V - f - 

This  corresponds  to  an  ionic  conductivity  of  ~2X 
10 S/cm  at  1000  K.  In  a  recent  study  on  single 


crystalline  titania,  Nowotny  et  al.  [31]  were  able  to 
extract  the  ionic  conductivity  from  the  P^^  depen¬ 
dence  of  the  total  conductivity.  Interestingly  enough, 
they  obtained  a  similar  value  of  or^,,^'-3X  10~^  S/cm 
at  1000  K  but  report  a  considerably  larger  activation 
energy  of  -1.5  eV.  This  comparison  suggests  that 
while  the  effective  doping  level  in  the  nanocrystal¬ 
line  material  is  lower  due  to  segregation  of  dopants 
to  the  grain  boundaries,  the  increased  density  of 
interfaces,  at  the  same  time,  provides  higher  diffu¬ 
sive  pathways  than  available  in  the  single  crystal 
material.  This  latter  factor  is  presumably  the  source 
of  the  lower  activation  energy  in  the  nanocrystalline 
material. 

Demetry  and  Shi  [32]  found  P^^  independent 
conductivity  plateaus  at  500°C  for  rutile  nanocrystal- 


Fig.  12.  Oxygen  partial  pressure  dependence  of  the  electrical  conductivity  of  nanocrystalline  TiO,  (c/~35  nm):  □,  580°C;  <C>«  530®C;  A, 
500"C;  O,  450"C  [22]. 
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Fig.  13.  The  ionic  conductivity  of  nanocrystalline  Ti02  as  a  function  of  reciprocal  temperature  [22]. 


line  specimens  with  50  and  260  nm  grain  size.  They 
report  activation  energies  of  0.96  and  1,23  eV 
respectively  and  considerably  higher  magnitudes  of 
conductivity.  It  should  be  noted  that  the  authors  were 
able  to  stabilize  the  rutile  phase  by  the  addition  of  1 
mol%  Sn02  while  the  specimens  of  Knauth  and 
Tuller  [22]  were  prepared  in  the  anatase  phase.  While 
one  might  wish  to  conclude  that  ionic  conduction  in 
the  rutile  phase  is  much  higher  than  in  the  anatase 
phase,  it  must  be  remembered  that  the  P02  indepen¬ 
dence  of  the  conductivity  suggests  impurity  control 
and  at  this  point  we  have  no  clear  means  for 
comparing  the  effective  dopant  levels  in  the  two  sets 
of  materials.  On  the  contrary,  the  activation  energies 
of  the  two  sets  of  materials  are  similar  (rutile  0.96  eV 


versus  anatase  1.0  eV)  for  materials  with  similar 
grain  size  suggesting  carrier  rather  than  mobility 
control.  Furthermore,  more  direct  means  for  confirm¬ 
ing  the  ionic  nature  of  the  conductivity  in  the 
independent  conductivity  plateaus  would  be  most 
desirable. 


4.  Conclusions 

We  have  focused  in  this  article  on  the  question  of 
whether  and  to  what  extent  ionic  conduction  and/or 
defect  formation  are  modified  in  nanocrystalline 
oxides.  We  have  reviewed  the  literature  on  three 
systems;  cubic  zirconia,  ceria  and  titania,  for  which 
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experimental  data  has  become  available.  At  this  time, 
it  is  too  early  to  make  firm  conclusions  but  we  can 
make  some  useful  observations.  These  include: 

1.  Additives  which  contribute  to  ion  blocking  at 
grain  boundaries  are  diluted  in  nanocrystalline 
oxides  giving  rise  to  substantial  reductions  in 
specific  grain  boundary  resistivities.  This  leads,  in 
some  cases,  to  an  overall  decrease  in  grain 
boundary  resistance. 

2.  The  case  for  enhanced  ionic  conduction  in  nomi¬ 
nally  undoped  nanocrystalline  oxides  remains 
unresolved.  In  the  case  of  Ce02,  enhanced  elec¬ 
tronic  conductivity  (see  (4)  below)  masks  any 
changes  in  ionic  conductivity.  In  Ti02,  evidence 
is  mixed.  Nanocrystalline  rutile  appears  to  exhibit 
higher  ionic  conductivity  than  single  crystal  rutile 
while  nanocrystalline  anatase  exhibits  comparable 
levels  of  conductivity.  In  any  case,  more  direct 
methods  of  measuring  ionic  conduction  are  neces¬ 
sary  before  even  these  tentative  observations  are 
taken  too  seriously. 

3.  There  is  mixed  evidence  in  support  of  enhanced 
ionic  conduction  in  doped  electrolytes.  No  in¬ 
creases  in  ionic  conduction  are  reported  for  either 
bulk  stabilized  Zr02  or  doped  Ce02.  In  thin  films, 
enhancements  of  several  orders  of  magnitude  are 
reported.  It  remains  to  be  seen  if  this  discrepancy 
is  related  to  differences  in  the  manner  in  which 
the  dopants  are  distributed  between  grain  and 
grain  boundary  during  processing  or,  in  the  case 
of  the  films,  are  due  to  spurious  effects  such  as 
humidity  or  film  substrate  interactions. 

4.  In  Ce02  or  Ce02-based  solid  solutions,  there  is 
strong  support  for  the  notion  that  the  energetics 
for  defect  formation  may  be  substantially  reduced 
in  nanocrystalline  oxides.  This  results  in  markedly 
increased  levels  of  nonstoichiometry  and  elec¬ 
tronic  carrier  generation,  likely  important  con¬ 
tributors  to  the  enhanced  catalytic  activity  re¬ 
ported  for  these  materials.  Similar  observations, 
while  less  dramatic,  have  also  been  reported  for 
Ti02  [22]. 

One  may  confidently  conclude  that  there  remains 
much  interesting  work  still  to  be  done.  Given  recent 
improvements  in  the  processing  and  characterization 


of  nanocrystalline  materials  and  structures,  progress 
in  this  field  can  be  expected  to  be  rapid. 


Acknowledgements 

The  author  acknowledges  close  collaborations 
and/or  discussions  with  P.  Knauth,  J.  Maier,  Y.M. 
Chiang,  J.  Ying,  I.  Kosacki  and  O.  Porat.  This  work 
is  being  supported  by  the  National  Science  Founda¬ 
tion  under  grants  DMR  97-01699  (L.  Schioler, 
program  manager)  and  INT-98 155788  as  part  of  the 
US-France  Cooperative  Research  Program.  Thanks 
go  to  E.  Anderson  and  H.  Seh  for  manuscript 
preparation. 


References 

[1]  H.L.  Tuller,  J.  Electrocerani.  4  (Suppl.  1)  (1999)  33. 

[2]  S.P.S.  Badwal,  S.  Rajendran,  Solid  State  Ionics  70-71 
(1994)  83. 

[3]  R.  Gerhardl,  A.S.  Nowick,  J.  Am.  Ceram.  Soc.  69  (1986) 
641. 

[4]  R.  Gerhardt,  A.S.  Nowick,  M.E.  Mochel,  I.  Dumler,  J.  Am. 
Ceram.  Soc.  69  (1986)  646. 

[5]  M.  Aoki,  Y.-M.  Chiang,  I.  Kosacki,  J.-R.  Lee,  H.L.  Tuller, 
Y.J.  Liu,  J.  Am.  Ceram.  Soc.  79  (1996)  1169. 

[6]  J.  Maier,  Prog.  Solid  State  Chem.  23  (1995)  171. 

[7]  H.L.  Tuller,  P.K.  Moon,  Mat.  Sci.  Eng.  B  1  (1988)  171. 

[8]  A.  Atkinson,  C.  Monty,  in:  L.C.  Dufour  et  al.  (Ed.),  Surfaces 
and  Interfaces  of  Ceramic  Materials,  Kluwer  Academic, 
Dordrecht,  The  Netherlands,  1989,  p.  273. 

[9]  J.A.  Cusumano,  in:  J.M.  Thomas,  K.I.  Zmarev  (Eds.), 
Perspectives  in  Catalysis,  Blackwell  Scientific,  Boston,  1992. 

[10]  K.L.  Merkle,  Phys.  Chem.  Sol.  55  (1994)  991. 

[11]  Y.-M.  Chiang,  E.B.  Lavik,  I.  Kosacki,  H.L.  Tuller,  J.Y  Ying, 
J.  Electroceramics  1  (1997)  7-14. 

[12]  J.  Maier,  Solid  State  Ionics  23  (1987)  59. 

[13]  H.L.  Tuller,  in:  F.W.  Poulsen,  N.  Bonanos,  S.  Linderoth,  M. 
Mogensen,  B.  Zachau-Christiansen  (Eds.),  High  Temperature 
Electrochemistry:  Ceramics  and  Metals,  Ris0  National  Lab¬ 
oratory,  Roskilde,  1996,  p.  139. 

[14]  P.  Mondal,  H.  Hahn,  Ber.  Bunsenges  Phys.  Chem.  101 
(1997)  1765-1766. 

[15]  S.  Jiang,  J.  Mat.  Res.  12  (1997)  2374. 

[16]  I.  Kosacki,  B.  Gorman,  H.U.  Anderson,  in:  T.A. 
Ramanarayanan,  W.L.  Worrell,  H.L.  Tuller,  A.C.  Kandkar, 
M.  Mogensen,  W.  Gopel  (Eds.),  Ionic  and  Mixed  Conductors, 
Vol.  Ill,  Electrochemical  Society,  Pennington,  NJ,  1998,  p. 
631. 

[17]  H.L.  Tuller,  A.S.  Nowick,  J.  Electrochem.  Soc.  126  (1979) 
209-217. 


H.L.  Tuller  /  Solid  State  Ionics  131  (2000)  143-157 


157 


[18]  H.L.  Tuller,  A.S.  Nowick,  J.  Phys.  Chem.  Solids  38  (1977) 
859-867. 

[19]  H.L.  Tuller,  Solid  State  Ionics  52  (1992)  135-146. 

[20]  A.  Tschope,  W.  Liu,  M.  Flytzani-Stephanopolous,  J.Y.  Ying, 
J.  Catal.  157  (1995)  42. 

[21]  A.  Tschope,  J.Y.  Ying,  H.L.  Tuller,  Sensors  and  Actuators  B 
31  (1996)  111. 

[22]  P.  Knauth,  H.L.  Tuller,  J.  Appl.  Phys.  85  (1999)  897-902. 

[23]  I.  Kosacki,  H.  Anderson,  Mat.  Res.  Proc.  453  (1997)  537. 

[24]  O.  Porat,  E.B.  Lavik,  H.L.  Tuller,  Y.-M.  Chiang,  in:  S. 
Komameni,  J.  Parker,  H.  Wollenberger  (Eds.),  Nanophase 
and  Nanocomposite  Materials,  Vol.  II,  Materials  Research 
Society,  Pittsburgh,  PA,  1997,  p.  99. 


[25]  A.  Tschope,  R.  Birringer,  Nanostructured  Mater.  9  (1997) 
59. 

[26]  P.  Knauth,  H.L.  Tuller,  J.  Euro.  Ceram.  Soc.  19  (1999)  831. 

[27]  E.B.  Lavik,  Y.M.  Chiang,  Mat.  Res.  Proc  457  (1997). 

[28]  Y.M.  Chiang,  E.B.  Lavik,  D.A.  Blom,  Nanostructured  Mater. 
9  (1997)  633. 

[29]  C.J.  Barbe,  F.  Arendse,  P.  Compte  et  al.,  J.  Am.  Ceram.  Soc. 
80  (1997)  3157. 

[30]  J.Y.  Ying,  T.  Sun,  J.  Electroceramics  1  (1997)  219. 

[31]  J.  Nowotny,  M.  Redecka,  M.  Rekes,  S.  Sugihara,  E.R.  Vance, 
W.  Weppner,  Ceramics  Int.  24  (1998)  571. 

[32]  C.  Demetry,  V.  Shi,  Solid  State  Ionics  118  (1999)  271. 


ELSEVIER 


Solid  State  Ionics  131  (2000)  159-164 


SOLID 

STATE 

IONICS 


www.elsevier.com /locate  /  ssi 


Local  and  overall  ionic  conductivity  in  nanocrystalline  CaF2 

W.  Puin^,  S.  Rodewald'’’*,  R.  Ramlau'’,  R  Heitjans^,  J.  Maier** 

’'Institut  fur  Physikalische  Chemie  und  Elektrochemie,  Universitdt  Hannover,  Callinstrafie  3- 3 A,  D- 301 67  Hannover,  Germany 
'°Max-Planck-Institut  fiir  Festkorperforschung,  Heisenbergstrafie  1,  D-  70569  Stuttgart,  Germany 

Received  1  January  1999;  received  in  revised  form  5  March  1999;  accepted  10  March  1999 


Abstract 

Ionic  conductivity  data  on  nanocrystalline  CaF2  is  evaluated.  The  d.c.  conductivity  is  distinctly  larger  than  in 
coarse-grained  materials.  The  impedance  plot  exhibits  two  regimes:  a  high-  and  a  low-frequency  semicircle,  the  diameters  of 
which  increase  with  increasing  grain  size.  The  high-frequency  semicircle  reflects  both  bulk  transport  plus  transport  along  the 
boundaries  while  the  low-frequency  semicircle  describes  the  blocking  effect  of  the  grain  boundaries.  Absolute  values  and 
activation  energy  of  the  conductivity  suggest  dominating  transport  along  space  charge  layers.  The  increase  of  the  low 
frequency  semicircle  is  due  to  increased  current  constriction  because  of  the  appearance  of  large  pores.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  consideration  of  nanocrystalline  materials  has 
become  very  popular  recently  and  many  properties, 
in  particular  mechanical  and  electronic  properties, 
have  been  studied  intensively.  An  overview  of 
studies  related  to  nanocrystalline  electroceramics  is 
given  in  Ref.  [1].  Surprisingly,  not  very  much  work 
has  been  done  with  respect  to  ionic  or  mixed 
conductors  even  though  ionic  transport  is  intimately 
related  to  atomistic  aspects  [1-3].  An  overview  on 
the  expected  effects  is  given  in  [4].  The  most 
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obvious  one  is  the  enhancement  of  interfacial  contri¬ 
butions  due  just  to  the  increased  density  of  inter¬ 
faces.  The  impact  on  the  overall  conductivity  may 
thus  stem  from  the  interface  core  which  exhibits  a 
structure  different  from  the  grain  interior  directly  or 
indirectly  via  space  charge  effects.  In  addition  the 
effects  of  ‘edges  and  comers’  will  grow  corre¬ 
spondingly.  If  the  grain  size  is  of  the  order  of 
characteristic  decay  lengths  or  smaller  we  have  to 
face  mesoscopic  effects.  One  is  the  change  from 
semi-infinite  to  finite  space  charge  conditions  [5] 
which  means  that  the  space  charge  distribution  of 
one  interface  is  not  decaying  to  a  zero  (bulk)  value 
but  influenced  by  one  other  interface.  Also  modi¬ 
fications  of  the  ground-state  stmcture  in  the  grain 
interior  must  be  considered  which  change  the  stan¬ 
dard  term  in  the  chemical  potential  of  the  carriers. 
(Size  effects  due  to  delocalisation  of  the  wave 
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functions  should  be  relevant  only  for  proton  conduc¬ 
tors  under  very  special  conditions.) 

CaF2  is  well-suited  as  a  model  material  for  such 
studies,  since  its  macroscopic  properties  are  widely 
known,  it  is  chemically  stable  and  exhibits  well 
defined  grain  boundary  effects  on  the  ionic  con¬ 
ductivity  as  studied  by  Saito  et  al.  [6].  Nuclear 
magnetic  resonance  (NMR)  work  on  nanocrystalline 
CaF2  [7,8]  allowed  one  to  differentiate  between  two 
F-ion  types  of  distinct  diffusivities.  The  faster  ions 
were  ascribed  to  the  grain  boundaries,  and  the  slower 
ones  to  the  grains.  The  overall  diffusivity  was  found 
to  be  considerably  enhanced  as  compared  to  that  in 
single  crystal  CaF2.  Similar  NMR  results  were 
recently  obtained  for  nanocrystalline  LiNbO^  [8,9]. 
The  increased  diffusivity  in  nanocrystalline  CaF2 
corresponds  to  the  results  of  conductivity  measure¬ 
ments  on  the  same  material  by  impedance  spec¬ 
troscopy  [10].  The  present  contribution  is  essentially 
an  evaluation  of  the  data  in  Ref.  [10]  by  using  the 
model  developed  in  Ref.  [11]  to  deconvolute  the 
different  conductivity  contributions  in  a  polycrystal¬ 
line  sample  including  space  charge  phenomena.  In 
addition  TEM  studies  are  employed  to  take  proper 
account  of  morphological  variations. 


2.  Impedance  analysis  of  micro-  and 
nanocrystalline  materials 

In  general  the  impedance  analysis  of  polycrystal¬ 
line  materials  is  complex.  The  grain  boundary  net¬ 
work  topology  can  be  complicated  and,  thus,  also  the 
percolation  behaviour.  Different  types  of  grain 
boundaries  can  exist  in  the  same  material  according 
to  type,  structure,  misfit  angle,  inclusions  (glasses  or 
pores)  etc.  Additional  complications  occur  if  the 
crystallites  are  not  homogeneous.  In  the  following 
we  assume  that  the  grain  boundary  effect  can  be 
mimicked  by  a  brick  layer  model  with  one  kind  of 
grain  boundary  and  follow  Ref.  [11].  It  is  shown  in 
Ref.  [12]  that  results  of  the  brick-layer  model  are 
expected  to  be  a  good  approximation  for  this  materi¬ 
al  even  if  the  micro  structure  deviates  substantially 
from  the  model.  In  other  words  we  assume  a  cubic 
primitive  microstructure  consisting  of  cubic  grains 
(thickness  L)  separated  by  identical  boundaries.  The 
equivalent  circuit  then  approximately  reduces  to  the 
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Fig.  1.  Equivalent  circuit  model  assuming  the  different  contribu¬ 
tions  to  the  impedance  spectra  in  the  brick  layer  approximation.  It 
is  assumed  that  the  parallel  interfacial  pathway  is  also  blocked  by 
[10]. 


circuit  given  in  Fig.  1.  The  equivalent  circuit  in  Fig. 
1  consists  of  two  parallel  circuit-elements  which  are 
denoted  by  resistance  and  capacitance  values  in  a 
series  circuit.  R.^,  refer  to  the  bulk,  and 

Cgj,  to  the  boundary  values.  In  terms  of  the 
complex  conductivities  the  superposition  is  given  by 
Eq.  (1): 


-  -  il  .  ol!  ^  II  ^  -1- 

A  J-  1  /-)  _L  A 

+  Pi. 


(1) 


The  total  complex  conductivity  has  contributions 
from  the  complex  bulk  conductivity  and  the 
interfacial  layer  parallel  and  perpendicular  complex 
conductivities  and  3-^.  Both  and  consists 
of  core  and  space  charge  effects.  A  more  detailed 
analysis  is  given  in  Ref.  [11].  In  an  impedance  plot, 
the  circuit  of  Fig.  1  should  lead  to  two  semicircles. 
Usually  the  low  frequency  semicircle,  corresponding 
to  a  higher  capacitance,  reflects  the  series  effect  the 
at  grain  boundaries,  whereas  the  high  frequency 
semicircle,  in  which  c"  is  normally  negligible  com¬ 
pared  to  refers  to  bulk  plus  parallel  layers.  This 
simple  model  allows  one  to  take  account  of  the  grain 
boundary  anisotropy.  The  anisotropy  may  be  due  to 
the  sandwich  structure  (space  charge  region  |  core  | 
space  charge  region)  and/or  to  the  profile  character 
of  the  space  charge  regions  themselves  (e.g.  inver¬ 
sion  layers).  Thus,  in  the  same  material,  blocking  and 
short-circuiting  behaviour  of  the  grain  boundary  may 
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be  perceived  [11]:  The  grain  boundary  can  provide 
fast  pathways  but  can  also  (in  the  direction  of 
measurement)  act  as  an  obstacle  for  the  transport 
from  grain  to  grain  as  indicated  in  Fig.  1.  Also  series 
blocking  effects  can  often  simply  be  traced  back  to 
current  constrictions  due  to  insufficient  contact 
[13,14].  In  this  case  the  measured  activation  energy 
roughly  corresponds  to  the  bulk  value.  In  the  case  of 
highly  conducting  layers  via  space  charges  the 
activation  energy  is  usually  somewhat  higher  than 
the  migration  enthalpy  of  the  enriched  defect  type. 
The  difference  is  smaller,  the  larger  the  interfacial 
effect.  The  effective  series  and  parallel  space  charge 
contributions  can  be  derived  from  the  profile  [11,15]. 
In  the  following  we  are  especially  interested  in  the 
second  contribution.  Thus  the  conductivity  of  the 
parallel  interfacial  layer  (t\  [11],  [16]  to  be  inserted 
in  Eq.  1  is  given  by: 

II  II  2#^  ^ _ 


In  the  brick  layer  model  the  volume  fraction  of  the 
space  charge  layers  is 


<p,^6(2XfL)  =  ^ 


2F^c 


V<x> 


(3) 


with  p'[  =  2/3.  The  result  is 


crl^  =  4uy\/2s^SQRTCyQ  IL. 


(4) 


The  quantities  Uy,  Cy^,  Cy^  denote  mobility,  bulk 
defect  concentration  and  defect  concentration  in  the 
first  layer  adjacent  to  the  interface  core  of  the 
enhanced  carriers  (here  taken  as  the  vacancy).  The 
enhancement  is  characterized  by  the  ‘degree  of 
influence’  (on  the  vacancies)  ^9^  as  defined  in  Ref. 
[11].  L  is  the  thickness  of  the  grain,  the  fraction 
of  interfaces  contributing  to  the  conduction. 

In  nano-crystalline  materials  the  fraction  of  inter¬ 
facial  regions  is  much  more  pronounced  and  conse¬ 
quently  their  impact  on  the  overall  electrical  con¬ 
ductivity  is  enhanced.  In  addition,  there  is  the 
possibility  that  the  Debye-length  is  comparable  or 
even  larger  than  the  crystallite  sizes.  In  these  cases, 
space  charge  effects  may  be  extremely  high,  the 
crystallites  may  be  charged  everywhere  and  no  bulk 
profiles  may  be  attained  within  the  mesoscopic 


sample  [5].  In  these  cases,  it  was  derived  that  for 
large  effects  [5]: 

tr'i  s  fu^^le,e,RTic^,-4)IL  (5) 

(c  J :  concentration  in  the  centre).  The  dependence  of 
on  CyQ  and  L  necessary  for  an  explicit  treatment 
is  given  in  Ref.  [5].  To  be  precise  Eq.  (5)  was 
derived  for  nano-sized  films  with  /=2.  The  value 
/=4  should  give  a  first  rough  estimate  for  nano¬ 
crystalline  (cubic)  grains,  even  though  for  precise 
considerations  the  simultaneous  influence  of  all  six 
interfaces  should  be  considered. 


3.  Experimental 

Nanocrystalline  powder  of  CaF2  (n-CaF2)  with  an 
average  particle  diameter  of  9  nm  was  prepared  by 
the  inert  gas  condensation  method.  The  impurity 
level  was  determined  to  be  <30  ppm  except  for  Na 
(400  ppm).  Cylindrical  pellets  (with  a  density  of 
about  96%)  were  formed  under  a  pressure  of  2  GPa, 
coated  with  Ag  on  both  sides  and  placed  between  the 
electrodes  of  an  air  tight  measurement  cell.  The 
impedance  of  the  sample  was  measured  using  a  HP 
4 192 A  impedance  analyser  from  5  to  13  MHz  at 
temperatures  in  the  range  390-500  K.  More  details 
on  the  preparation  and  measurement  can  be  found  in 
reference  [10].  Transmission  Electron  Microscopy 
(TEM)  investigations  were  carried  out  with  a 
PHILIPS  CM30/ST  electron  microscope  operating  at 
300  kV  (point  resolution  0.19  nm).  The  slightly 
sintered  nano-crystalline  powder  was  dispersed  in 
n-butanol  and  then  dropped  on  a  specimen  grid 
which  was  a  perforated  carbon  film.  TEM  images 
were  taken  in  the  bright-field  mode  to  determine  the 
grain  sizes,  and  in  the  high  resolution  mode  to 
investigate  the  pore  sizes. 


4.  Results  and  discussion 

The  impedance  spectra  of  the  freshly  prepared 
samples  show  three  semicircles.  These  impedance 
spectra  can  be  interpreted  in  terms  of  the  equivalent 
circuit  given  in  (Fig.  1)  taking  the  additional  contri¬ 
butions  of  blocking  electrode  effects  into  account. 
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The  semicircle  at  very  low  frequencies  is  caused 
by  electrode  polarisation  effects  and  will  not  be 
further  discussed  in  this  contribution.  The  two  other 
partly  overlapping  depressed  semicircles  can  be 
assigned  to  bulk  and  grain  boundaries.  As  discussed 
above  the  high  frequency  contribution  can  be  attribu¬ 
ted  to  the  parallel  combination  of  bulk  and  parallel 
boundary  pathways  ‘||’  while  the  low  frequency 
semicircle  describes  the  blocking  of  these  pathways 
by  perpendicular  boundary  effects  ‘_L’  [11].  The 
resistance  obtained  from  the  low-frequency  semicir¬ 
cle  is  about  10  times  larger  than  the  resistance  of  the 
high-frequency  semicircle.  Nevertheless  the  total  d.c. 
contribution  is  far  greater  than  the  pure  bulk  contri¬ 
bution  of  coarse  grained  material.  By  annealing  the 
sample  for  30  min  at  505  K  the  resistance  of  the 
low-frequency  semicircle  increases  by  almost  one 
order  of  magnitude,  whereas  the  high-frequency 
semicircle  shows  only  an  increase  of  a  factor  of  two 
(Fig.  2). 

The  very  low  resistance  of  the  high-frequency 
semicircle  compared  to  the  normally  measured  bulk 
resistances  (Fig.  3)  of  CaF2  may  be  simply  inter¬ 
preted  in  terms  of  space  charge  effects  as  the 
following  arguments  suggest:  Measurements  on  m- 
CaF2  (CaF2  with  grain  size  in  the  micron-region)  by 
Saito  et  al.  [6]  showed  that  space  charge  effects  play 


Fig.  2.  Impedance  spectra  for  nanocrystalline  CaF^  samples  (a) 
‘freshly  prepared’  and  (b)  ‘annealed’  [9]. 


Fig.  3.  Temperature  dependence  of  the  eonduetivities  of  nano- 
and  micro-crystalline  CaF^  derived  from  the  high-frequency 
semicircles  [5,9].  The  line  represents  the  estimated  conductivities 
assuming  a  pronounced  space  charge  effect  [5]. 

a  significant  role  in  polycrystalline  materials.  The 
space  charge  potential  can  be  increased  by  special 
chemical  treatment  (heterogeneous  doping  by  Si02, 
contamination  by  SbF<5  or  BF3).  This  behaviour  is 
completely  analogous  to  the  experiments  on  Ag- 
halides  (heterogeneous  doping  by  AI2O3  [17],  con¬ 
tamination  with  NH3  or  (CN)2  [18]).  The  solid  line 
indicated  in  Fig.  3  is  obtained  simply  by  scaling  up 
the  space  charge  effects  of  Saito  et  al.  according  to 
the  increased  interfacial  density.  The  slope  of  the 
line  is  approximately  the  activation  energy  of  the 
vacancies  and  suggests,  accumulation  in  the  grain 
boundary  core.  Assuming  that  the  increased  vacancy 
concentration  is  responsible  for  the  enhancement,  the 
line  meets  the  correct  order  of  magnitude.  The 
systematic  deviation  at  increased  temperature  is 
definitely  due  to  sintering  and  coarsening. 

If  the  grain  size  of  the  material  becomes  smaller 
than  four  times  the  Debye  length,  even  the  core  of 
the  grains  becomes  fully  charged.  In  that  case,  an 
additional  enhancement  factor  comes  into  play.  As 
the  results  show,  this  ‘nano  size’  effect  [5]  is 
obviously  not  observed  here  (however  see  results 
obtained  for  AgI:Al203  composite  [4]).  This  is  in 
agreement  with  the  fact  that  the  computed  Debye 
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length  (~  1  nm)  is  much  below  the  grain  size  (~9  nm) 
owing  to  the  high  impurity  concentration  of  Na+- 
ions. 

The  second  semicircle  can  be  explained  in  the 
following  way.  Both  bulk  and  space  charge  transport 
perceive  the  perpendicular  boundaries.  This  may  be 
due  to  core  effects  or  due  to  current  constriction.  The 
comparably  low  capacitance  points  towards  the 
second  effect.  It  is  also  supported  by  the  activation 
energy  of  0.8  eV  which  is  close  to  the  bulk  value 
[14].  Increased  current  constriction  is  certainly  re¬ 
sponsible  for  the  fact  that  the  low  frequency  semicir¬ 
cle  increases  with  temperature.  TEM  images  (Fig.  4) 
reveal  a  coarsening  of  the  grains  connected  with  the 
generation  of  significant  pores  causing  serious  con¬ 
striction  effects  [5].  The  generation  of  large  pores  is 
understandable  since  no  pressure  is  applied  during 
the  grain  growth  process. 

Therefore  two  effects,  both  caused  by  annealing, 
have  to  be  considered:  (i)  The  diminishing  of  the 


Fig.  4.  TEM  image  of  the  nano-crystalline  CaF^  powder:  (a)  The 
‘freshly  prepared’  sample  exhibits  a  small  grain  size  and  only  little 
pores,  (b)  The  ‘annealed’  sample  (at  870  K  for  90  min)  shows 
larger  grain  sizes  >50  nm)  and  the  formation  of  large 

pores. 


volume  fraction  of  highly  conducting  parallel  path¬ 
ways  (space  charge  layers)  leading  to  an  increase  of 
the  resistance  of  the  high-frequency  semicircle  and 
(ii)  current  constriction  effects  which  become  more 
serious  due  to  the  formation  of  large  pores.  Applying 
pressure  would  lead  to  densification  and  probably 
eliminate  the  second  effect.  The  grain  coarsening 
itself  is  an  inherent  problem  in  nanocrystalline 
materials  due  to  high  interfacial  energy.  In  particular, 
in  ionic  conductors  this  may  be  an  even  more  serious 
problem  due  to  facilitated  kinetics.  A  way-out  can  be 
the  use  of  nano-composites,  e.g.  heterogeneous  dop¬ 
ing  of  fluorides  by  silica  [19],  in  which  the  phase 
distribution  makes  grain  growth  much  more  difficult. 

5.  Conclusions 

Nanocrystalline  CaF2  shows  a  significantly  higher 
overall  conductivity  than  the  micro-crystalline  ma¬ 
terial.  This  behaviour  can  be  completely  understood 
in  terms  of  the  large  fraction  of  interface  regions  in 
the  nanocrystalline  material.  By  assuming  a  pro¬ 
nounced  space  charge  effect  (one  monolayer  of 
absorbed  at  the  grain  boundary  interface)  the  order  of 
magnitude  and  temperature  dependence  of  the  over¬ 
all  conductivity  in  n-CaF2  can  be  explained.  The 
appearance  of  the  mesoscopic  space  charge  effect 
predicted  in  Ref.  [5]  demands  the  preparation  of 
highly  pure  n-CaF2.  The  significant  porosity  leads  to 
current  constriction. 
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Abstract 

Various  samples  of  nanocrystalline  copper  have  been  investigated  as  electrodes  in  acid  CuSO^  solutions,  with  the 
objective  of  examining  growth  and  relaxation  processes  by  studying  the  time  dependence  of  the  potential  E.  During  the 
dissolution  of  Cu^O  the  disproportionation  of  Cu^  ions  and  the  formation  of  nanocrystalline  copper  was  detected  in  the  E{t) 
curve.  A  simple  model  for  estimating  the  surface  relaxation  according  to  the  Gibbs-Wulff  theorem  was  applied  to  crystals 
with  shapes  varying  between  cube  and  octahedron.  When  the  edge  atoms  are  included  in  the  energetic  calculations,  the 
excess  surface  energy  becomes  dependent  on  the  size  of  the  crystals.  Surface  relaxation  then  interferes  with  crystal  growing. 
In  agreement  with  these  results,  no  separate  time  region  of  relaxation  could  be  found  for  the  E{t)  of  nanocrystalline  copper.  It 
was  shown  that  the  accurate  measurement  of  electrode  potentials  of  copper  requires  attention  to  the  specific  electrochemical 
properties  of  copper,  above  all  its  extreme  sensitivity  to  O2  traces.  A  simple  procedure  has  been  developed  for  trapping  O2  in 
the  cell  and  monitoring  its  absence  electrochemically.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Nanocrystalline  copper  electrodes;  Cu  growth  and  relaxation;  Surface  energy  calculation 


1.  Introduction 

The  surface  Gibbs  energy  of  small  particles  in¬ 
creases  with  decreasing  diameter  for  a  constant 
amount  of  substance.  This  excess  free  energy, 
is  the  driving  force  for  recrystallization  of  the 
growing  of  particles  at  the  expense  of  smaller  ones. 
The  degree  of  the  non-equilibrium  state  can  be 
determined  by  e.g.:  in  the  case  of  small  liquid 

droplets  as  the  excess  vapour  pressure  (Gibbs- 
Thomson)  and  in  the  case  of  small  solid  particles  or 
nanocrystalline  samples  in  contact  with  appropriate 
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ionic  conductors  by  measuring  the  excess  EMF, 
[1-4].  In  these  techniques  there  is  an  active 
exchange  of  atoms  or  molecules  between  the  liquid 
and  the  gas  phase  or  of  atoms  or  ions  between  the 
solid  and  ion-conducting  phase.  This  means  that  the 
local  exchange  equilibrium,  and  thus  the  measure¬ 
ment,  is  not  or  not  markedly  influenced  by  the  global 
non-equilibrium. 

Another  type  of  non-equilibrium  (AG^^)  has  to 
be  taken  into  account  in  the  case  of  crystals.  The 
Gibbs-Wulff  theorem  states  that  the  equilibrium 
shape  of  a  free  crystal  is  characterized  by  a  minimum 
of  free  surface  energy,  which  requires  constancy  of 
the  fractions  cr./A.  for  all  faces  of  the  crystal  (ct;: 
specific  free  surface  energy  of  face  /;  h^:  vertical 
distance  from  the  Wulff  centre).  Faces  of  different  cr- 
of  a  metal  crystal  should  exhibit  different  electrode 
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potentials,  E-,  when  in  electrochemical  exchange 
with  a  ion  conducting  phase.  But  this  has  never  been 
proved  unequivocally  and  probably  it  cannot  be 
proved,  because  no  defined  reversible  electrode 
potential  exists  on  a  defect-free  face  of  a  single 
crystal  of  macroscopic  dimensions  (>100  ixm*")  [5]. 
The  measurement  process  itself  is  based  on  the 
presence  of  defects  -  ad-atoms,  steps,  kinks  and 
screw  dislocations  -  but  there  is  no  guarantee  that 
new  face  types  do  not  appear  when  steps  degenerate. 

A  better  chance  for  indirect  evidence  of  E.  differ¬ 
ences  can  be  expected  from  investigations  of 
nanocrystalline  metals,  which  are  normally  prepared 
in  non-equilibrium  shapes.  Since  AG^w  AG^y 
is  inversely  proportional  to  the  particle  diameter 
(Section  2.3),  differences  in  £•  will  be  magnified 
according  to  the  same  proportionality.  The  fraction 
of  edge  atoms  increases  even  more  greatly,  so  that 
the  measuring  process  is  facilitated.  Thus,  the  pro¬ 
cess  of  equilibration  of  the  shape  of  crystals,  which 
we  call  surface  relaxation,  is  in  principle  superim¬ 
posed  on  the  growth  process  and  it  is  an  interesting 
question,  if  it  can  be  detected  by  EMF  or  other 
phenomenological  measurements,  e.g.  calorimetry 

[6,7]. 

The  literature  on  recrystallization  in  contact  with  a 
neighbouring  phase  only  seldom  refers  the  Ostwald 
ripening  [8].  One  example  of  a  quantitative  time  law 
of  EMF  change  has  been  published  [1],  but  there  are 
more  examples  of  qualitative  observations  [9-11]. 
Relaxation  under  the  influence  of  stored  excess  free 
energy  of  strain,  AGJ;^,  is  a  general  phenomenon  in 
solid  state  science,  which  has  often  been  supposed  to 
be  also  detectable  and  determinable  potentiometrical- 
ly  [13-15]. 

Kinetic  laws  of  relaxation  have  not  been  studied 
by  EMF  techniques  hitherto.  Some  features  of 
A£’^’'(r)  curves  in  our  previous  work  on  nanocrystal¬ 
line  copper  (Cu„^.)  [12]  seemed  to  suggest  relaxation 
effects.  However,  because  of  the  peculiarities  of  the 
two-step  electrode  reaction  of  Cu  and  its  extreme 
sensitivity  against  O^,  other  interpretations  must  be 
taken  into  account.  Therefore  one  of  the  objectives 
of  this  work  was  to  scrutinize  curves.  The 

other  was  to  treat  surface  relaxation  from  a  very 
simplified  point  of  view,  in  order  to  foresee  how  this 
type  of  relaxation  could  proceed. 


2.  Theory 

2. 1.  Excess  EMF  of  nauocrystaUine  metals 

The  Gibbs  energy  change  of  a  chemical  reaction, 
ArG,  can  be  determined  in  a  electrochemical  cell,  if 
this  reaction  is  the  cell  reaction  and  if  the  electrode 


reactions  with  the  electrolyte  are  reversible. 

^^G^-z,F^E  (1) 

In  the  specific  cell, 

M„^7 solution  with  M'  ^/M,^^^.,  (2) 

the  metal  in  its  microcrystalline  state  M,,,^.  is  in 
equilibrium  with  metal  ions  M'  ^, 

M'^  +  z^e~  =  M,„^.  (right  side)  (3) 

(z  +  :  charge  number).  A  similar  equilibrium  is  sup¬ 
posed  for  the  nanocrystalline  metal  M„^., 

M'"^  +  z.^e~  =  M,,^.  (left  side)  (4) 

so  that  the  cell  reaction  is  given  by 

and  its  EMF  by 


With  Eq.  (1)  one  obtains  (F:  Faraday  constant) 


-  ArG  =  AG"  =  z,,  F  A£". 

(7) 

In  general  AG'"  can  be  made  up  from 

different 

non-equilibrium  contributions. 

A,G"  =  AG"  +AGr  +  AG", 

(8) 

A  generalized  Gibbs-Thomson  equation. 

(9) 

(r:  mean  radius;  rr:  specific  interfacial  energy; 
molar  volume  of  M;  g:  geometrical  factor  of  the 
order  of  1,  describing  the  shape  of  the  particles) 
is  valid  for  the  excess  surface  free  energy  AGcV 
[16].  The  excess  free  energy  of  strain  AGj’^  has  been 
calculated  using  the  micro  strain  e  and  mechanical 
stress  laws  [3,15]  and  for  AG<..^v  an  exemplary 
estimation  will  be  given  below  (Section  2.3). 
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2.2.  Grain  growth 

An  increase  of  f,  i.e,  grain  growth,  lowers  the 
Gibbs  energy  of  an  assembly  of  crystals.  The 

literature  on  this  phenomenon  is  enormous  [17],  but 
one  must  distinguish  between  several  types  of 
growth.  The  growth  of  crystals  in  contact  with  a 
solution,  which  exchanges  ions  with  the  metal,  is 
more  than  one  order  of  magnitude  faster  than 
intrinsic  grain  growth  [3].  Furthermore,  this  contact 
growth  may  proceed  conservatively,  i.e.  all  material 
which  dissolves  (from  smaller  crystals)  is  deposited 
on  bigger  ones,  or  non-conservatively,  when  material 
is  lost  into  the  solution  by  corrosion.  All  forced 
growth  processes,  induced  by  electrochemical  depo¬ 
sition  techniques  [18],  are  also  non-conservative. 

The  early  results  of  Wagner  [8]  on  contact  growth 
of  free  spherical  particles  (Ostwald  ripening)  have 
been  confirmed  for  surface  layers  [19].  Diffusion 
control  of  the  elementary  steps  leads  to 

f(0  =  fo(l (10) 
and  reaction  control  to 

m=ro(i-yrtr''^  (11) 

where  y.  contains  informations  about  the  grain  size 
distribution.  With  different  meanings  of  y.  the  time 
laws  of  Eqs.  (10)  and  (11)  can  also  be  derived  in  the 
case  of  non-conservative  growth.  But  this  condition 
has  not  yet  been  treated  exhaustively  and  other  time 
laws  may  exist  [19]. 

Eqs.  (10)  and  (11)  can  be  combined  with  Eq.  (9). 
With  Eq.  (11)  for  instance,  one  obtains 

A£"”‘  =  (y  +  y’0‘‘'^  (12) 

which  has  been  found  for  in  Ag'^  complex 
solutions  [1]. 

2.3.  Surface  relaxation 

In  his  derivation  of  growth  laws  Wagner  [8] 
explicitly  starts  from  particle  shapes,  which  are 
already  in  the  Gibbs-Wulff  equilibrium.  For  an 
approximate  estimation  of  surface  energy  differ¬ 
ences,  we  may  consider  fee  crystals  composed  of 
only  two  types  of  planes  (100)  and  (111),  i.e.  the 


cube,  the  octahedron  and  the  mixed  forms  which  are 
predominant  for  Cu  [20].  The  shape  of  the  crystals 
can  be  described  by  normal  distances  of  the  planes 
from  the  centre,  and  r^jp  or  by  a  single 
parameter  a,  defined  in  Eq.  (13). 

a  =  rj  1 1  /  V3(cube)  >  a  >  1  / V3(octahedron) 

(13) 

According  to  the  simplest  model  [21],  the  surface 
energy  per  surface  atom  is  the  sum  of  the  energies  of 
the  free  bonds.  The  bond  energy  for  closed-packed 
metals,  t,  comes  from  the  sublimation  energy, 

{Nj^\  Avogadro  number) 


i//  =  A^Uf6N^ 

(14) 

The  specific  surface  energies  (ct^qq  and 
obtained  by  reference  to  the  surface  area 
atomic  radius 

o-|„)  are 
using  the 

<7„.  =  ,AV3/2r^ 

(15a) 

<^100  = 

(15b) 

Neglecting  entropic  and  volume  contributions 
(G  =  G),  the  molar  excess  Gibbs  energy  of  the 
surface  is  written  in  the  form  of 

AGSW  =  (M  KHfN^  p  rl  rJ  {f{a)  +  r,  k{a)lrfi 

(16) 

(M:  molar  mass;  p:  density;  rf.  radius  of  a  sphere 
with  identical  volume). 

The  functions  f(a)  and  k{a)  contain  geometrical 
terms  for  the  calculation  of  the  surface  and  of  the 
edge  length  (see  Appendix  A).  The  expression  in 
braces  of  Eq.  (16)  (see  Fig.  1)  exhibits  a  minimum  at 
a  =  0.145  for  f(a)  (neglecting  edge  atoms)  and  a 
small  shift  of  this  minimum  for  decreasing  crystal 
size.  This  minimum  corresponds  to  the  Gibbs-Wulff 
equilibrium  shape  with  minimal  surface  energy. 

With  Eq.  (16)  the  energetic  difference  between 
high  (non-equilibrium)  and  low  energy  (relaxed) 
crystals  and  with  Eq.  (7)  the  excess  EMF  can  be 
calculated.  Taking  the  maximal  differences  on  the 
ordinate  of  Fig.  1  between  a  macroscopic  single 
crystal  (r^  =  l  mm)  and  a  nanocrystal  (r,  =  20  nm), 
one  obtains 
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At/cw(l  3  inJ  niol  '  (20  nm)  ~  1  kJ  mol  ‘ 

A£“w  «16nV  A£“v  «5mV 

In  principle  these  quantities  are  in  a  measurable 
range  for  nanocrystals,  but  they  can  rarely  be  dis¬ 
tinguished  from  other  excess  energies. 

Another  interesting  fact  is  that  when  edge  energy 
is  included,  nanocrystals  (r,  =  20  nm)  with  a  values 
between  Vs  (cube)  and  2/V3  (cubooctahedron)  have 
nearly  constant  surface  energies  and  might  be  rather 
stable  towards  small  fluctuations,  whereas  relaxation 
in  the  region  l/\^  (octahedron)^ a ^2/ always 
ends  in  the  minimum. 

With  the  assumption  that  the  relaxation  kinetics 
da/df  is  driven  by  the  gradient  of  AG^w’ 

da/df  =  -  k'(aAG^V(^)/^^),,=cons,  (17) 


it  is  easy  to  see  that  the  rate  law  not  only  depends  on 
the  starting  point  a,  but  also  on  the  size  of  of  the 
crystal.  Relaxation  of  shapes  between  cube  and 
cubooctahedron  will  only  begin  when  da> 

0  i.e.  when  will  have  grown  over  20  nm.  The 
important  consequence  is  that  relaxation  is  coupled 
with  growing.  Our  treatment  is  simplified  and  only 
approximate,  because  for  polycrystalline  materials 
the  shape  equilibrium  must  in  principle  be  discussed 
according  to  the  Gibbs-Wulff-Kaischew  theorem 
(c.f.  [18]  p.  152)  and  because  in  the  solution  the 
specific  surface  energy  must  be  replaced  by  the 
interfacial  energy.  Nevertheless,  one  can  conclude 
(even  from  Fig.  1)  that  there  is  no  simple  and 
characteristic  time  law  for  surface  relaxation  pro¬ 
cesses.  The  kinetics  of  a  whole  assembly  of 
nanocrystals  can  not  be  predicted,  which  means  that 
a  direct  experimental  detection  is  not  possible.  Its 
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measurement  would  require  that  other  equilibrium 
processes  are  excluded. 

2.4.  Electrochemistry  of  copper 

Fig.  2  summarizes  in  a  simplified  scheme  the 
processes  occurring  at  a  Cu  electrode  in  a  solution 
with  Cu  ions.  It  is  well  known  that  the  Cu  oxidation 
follows  a  two-step  mechanism, 

Cu^  +  e~  =  Cu 

Ej  =  £?  +  {RTIF)  ln[a(Cu'")/a(Cu)]  (I) 

+  e~  =  Cu^ 

^ii  =  £■?!  +  {RTIF)  ln[a(Cu"'")/a(Cu'')]  (II) 

in  which  the  exchange  current  of  electrode  reaction 

(I)  is  orders  of  magnitude  higher  than  that  of  reaction 

(II) .  In  the  electrochemical  equilibrium  the  electrode 
potentials  and  are  equal,  so  that  the  chemical 
reaction  of  Cu^  disproportionation  (III)  is  also  in 
equilibrium. 

2Cu''  =  Cu"'"  +  Cu 
K  =  a(Cu"'" )  a(Cu)/fl(Cu'" )" 

=  2X10"  I  mol"'  (III) 

This  equilibrium  can  easily  be  disturbed  by  traces  of 
oxygen,  which  oxidize  Cu"^  (see  Fig.  2).  Then,  the 
backward  displacement  of  reaction  (III)  leads  to  a 
(positive)  open  circuit  overvoltage  [22],  i.e.  a  corro¬ 
sion  potential  is  measured. 

From  electrode  kinetics  it  has  been  concluded  that 
in  Eq.  (I)  Cu  probably  reacts  mainly  out  of  step 
positions  (Cu^^^p)  rather  than  as  ad-atom  (Cu^^)  [23]. 
Then  it  is  easily  understandable  that  the  exchange 
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Fig.  2.  Simplified  scheme  of  the  electrode  processes  on  copper. 


current  of  reaction  (I)  has  been  found  to  be  more 
than  five  times  higher  for  Cu„^  than  for  Cu^^,  [21], 
because  the  surface  density  of  step  atoms  increases 
with  decreasing  crystal  size.  The  electrode  potential 
E(Cu^^)  is  more  negative  than  £(Cu^^,),  so  that 
in  Eq.  (6)  is  positive.  The  Nemst  equations  (I)  and 
(II)  are  applied  by  expressing  as 

fl*(Cu)  -  fl(Cu„,)  =  exp(-AG""/i?r)  (18) 

using  an  activity  a*>l  for  Cu^^.  In  the  local 
equilibrium  between  Cu^^.  and  the  ions  Cu"^  and 
Cu^^,  Eq.  (II)  shows  that  «*(Cu^)  in  contact  with 
Cu„^  will  be  enhanced,  whereas  ^(Cu^^)  is  normally 
fixed  by  the  Cu(II)  salt  contained  in  the  solution. 

The  local  equilibrium  will  not  be  established  if 
^?(Cu'^)  ¥=  a*(Cu^),  for  instance  in  the  presence  of 
O2  traces:  ^z(Cu'^)<a*(Cu^)  (see  above).  The  same 
inequality  arises  when  normal  Cu^^  and  Cu^^  are 
present  in  the  same  solution.  In  the  case  of  large 
surfaces  of  Cu^^  this  metallic  state  will  impose  its 
fl(Cu^)  value  on  Cu,^^,  so  that  reaction  (III)  is 
reversed,  which  means  that  Cu^^  oxidizes  Cu^^. 
Therefore,  it  is  necessary  to  measure  E{Cu^J  and 
E{Cu^^)  separately  against  an  inert  reference  elec¬ 
trode  and  to  subtract  the  values  according  to  Eq.  (6). 
The  converse  situation  must  arise,  when  CU2O  is 
added  to  an  acid  copper  salt  solution.  The  oxide 
dissolves  and  a(Cu‘^)  reaches  values  even  higher 
than  in  contact  with  Cu^^^.  Then  reaction  (III) 
proceeds  in  the  forward  direction,  meanwhile  E^=E^^ 
can  no  longer  be  valid.  Reaction  (I)  will  then 
determine  the  potential  because  of  its  higher  ex¬ 
change  current. 


3.  Experimental 

The  cells  were  totally  made  of  glass,  so  that  a  N2 
gas  flow  which  had  only  contact  with  glass  could  be 
passed  through  the  cell  or  short-circuited  by  two 
three-way  valves,  completely  sealing  the  cell  under  a 
standing  N2  atmosphere.  The  covers  were  designed 
for  at  least  four  electrodes,  which  could  be  immersed 
in  or  taken  out  of  the  cell  solution.  A  magnetic 
device  could  be  fixed  to  the  cover,  in  order  to  pour 
small  quantities  of  CU2O  into  the  solution  without 
opening  the  cell. 
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samples  were  prepared  by  inert-gas  con¬ 
densation  [24].  Electrodes  consisted  of  manually 
broken  pieces  of  the  tablets,  coming  from  the 
preparation  apparatus.  Contacts  to  the  electrode  leads 
consisted  of  a  conducting  silver  lacquer  (Conrad) 
and  an  insulation  of  picein  wax  (Roth).  Commercial 
Cu  wire  (99.99%),  pre-treated  by  electrochemical 
polishing,  was  used  for  Cu„^^  electrodes.  Blank  Pt 
electrodes  were  wires  or  small  foil  strips  and  cleaned 
in  a  H2  flame.  A  Hg/HgS04  electrode  with  a 
diaphragm,  but  filled  with  the  cell  solution,  was  used 
as  reference  electrode.  Its  potential  referred  to  NHE 
is  not  exactly  known  (~0.65  V),  so  our  results  are 
referred  to  this  reference  electrode,  i.e,  they  are 
reported  as  the  (negative)  EMF  values  of  the  cell 
Hg/HgS04,  H2SO4,  CUSO4/CU. 

The  cell  solutions  were  0.5  M  CUSO4  in  0.5  M 
H2SO4  or  0.1  M  CUSO4  in  0.05  M  H2SO4  (all 
analytical  purity  grade)  in  bidistilled  water.  For  some 
purposes  Cu  powder  (99.99%)  was  added  to  the 
solutions. 

The  grain  size  of  the  Cu,^^  was  determined  from 
XRD  (Siemens  D500)  patterns.  The  (111)  and  (222) 
reflections  were  used  for  the  peak  analysis.  The 
area-weighted  mean  diameter  and  the  average  micro 


strain  e  were  obtained  by  a  Warren -Averbach 
evaluation,  assuming  spherical  grain  shape  and  log¬ 
normal  size  distribution  [25].  The  cell  voltages  were 
measured  using  computer-controlled  electrometers 
(Bank,  Prema). 

4.  Results  and  discussion 

Three  types  of  experiments  were  performed  in 
order  to  study  the  changes  in  the  EMF  of  cells  with 
Cu,,^  electrodes:  They  differ  with  respect  to  their 
closeness  to  the  conditions  of  the  local  equilibrium. 

When  nitrogen  (99.996%)  was  used  for  protection 
against  oxygen,  it  was  found  that  a  small  but 
reproducible  corrosion  of  copper  occurred,  which 
shifted  the  electrical  potentials  of  Cu,^^^.  by  about  10 
mV  in  the  positive  direction,  whereas  Cu„^.  is  less 
affected,  the  effect  decreasing  with  grain  size  e.g. 
with  —A  nm  no  shift  at  all  was  detected.  This 
behaviour  is  a  consequence  of  the  higher  exchange 
current  density  of  Cu^^.  [22].  Two  EMF  curves  of 
different  Cu^^^,  samples  under  the  slight  O2  corrosion 
(streaming  N2)  were  compared  with  the  time  law  of 
Eq.  (12)  (Fig.  3).  The  comparison  must  be  restricted 


Fig.  3.  Electrodes  of  nanocrystalline  copper  under  slow  corrosion  by  O.. 
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to  5  h<t<15  h  for  sample  1,  and  to  t<24  h  for 
sample  2  because  of  some  typical  irregularities  (cf. 
Section  5).  The  extrapolation  with  Eq.  (12)  to  ^=0 
yields  values  not  fulfilling  Eq.  (9),  which  has 
been  well  corroborated  with  many  Cu^^^  samples  of 
various  sizes  [3].  An  extrapolation  using  the  empiri¬ 
cal  law  gives  results  which  fit  Eq.  (9). 

An  example  of  the  second  type  of  experiments  is 
shown  in  Fig.  4.  Here  the  solution  in  the  closed  cell 
was  completely  freed  from  O2  by  Cu  powder  and  the 
CUj^^,  electrode  was  immersed  thereafter.  A  compara¬ 
tively  fast  change  of  the  EMF  was  found  with  a  very 
good  global  fulfillment  of  Eq.  (12),  although  short 
regions  of  enhanced  deviations  occur  (Section  5). 

Traces  of  oxygen  could  also  be  completely  re¬ 
moved  over  a  long  period  by  the  action  of  the  CUj„^ 
electrode  itself  (Fig.  5).  The  best  proof  of  the 
absence  of  corrosion  is  the  equality  of  the  potential, 
measured  at  CUj„^,  and  at  Pt.  When  the  Cu^^  elec¬ 
trode  was  dipped  in  the  solution  (tilting  of  the  cell) 
and  Cu^^  taken  out  of  the  solution,  the  potentials  of 
Cu^^,  (Ej)  and  Pt  (Ejj)  decreased,  but  in  a  diverging 
manner.  The  explanation  -  according  to  the  Nemst 
Eq.  (I)  Ey  should  increase  with  a(Cu'^),  when  Cu^^^ 
is  exchanged  by  CUj^^  -  will  be  given  in  Section  4. 


Another  obvious  peculiarity  is  that  during  the  first 
hour  two  different  processes  are  occurring  at  the 
CUjj^  electrode,  where  the  faster  one  produces  a  short 
minimum  in  the  curve,  which  is  reproducible  within 
slight  variations  of  shape.  We  were  able  to  show  that 
both  effects  were  caused  by  the  dissolution  of  the 
CU2O,  which  had  formed  at  the  surface  of  since 
the  time  of  its  preparation  (see  below). 

When  a  small  quantity  of  CU2O  was  added  to  the 
stirred  02-free  cell  solution,  the  electrical  potentials 
of  CUj^^  and  Pt  electrodes  changed  significantly  (Fig. 
6).  A  sharp  minimum  appeared  followed  by  a  flat 
maximum  and  a  rather  slow  decrease  afterwards.  A 
certain  quantity  of  CU2O  remains  undissolved,  mixed 
with  Cu„^  nanocrystals  (>20  nm).  It  has  long  been 
known,  that  CU2O  reacts  in  sulphuric  acid  to  Cu^'^ 
ions  and  with  intermediate  formation  of  Cu^ 
ions.  However,  the  mechanism  has  never  been 
studied  in  detail.  From  our  experiments  we  deduce 
that  Cu„^  forms  at  least  partially  at  the  metal  surfaces 
of  both  electrodes,  Cu^^^  and  Pt,  but  probably  more 
rapidly  at  Cu^^,  which  would  explain  the  deviations 
in  the  time  range  142.5  h<?<144  h.  The  size  of 
these  crystals  just  grown  over  the  state  of  nuclei 
yields  large  AGq\  (negative)  AE^^  values,  but  it 
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Fig.  4.  Electrode  of  nanocrystalline  copper  corroded  by  Cu 
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ions. 


Fig.  6.  Potentiometric  study  of  the  dissolution  of  0.4  mg  Cu^O  in  45  ml  of  the  solution. 
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entails  fast  growth.  The  potential  rises  to  a  flat 
maximum  determined  by  the  superelevated  Cu"^  ion 
concentration.  The  following  decrease  of  could 
be  well  described  by  a  1st  order  rate  law  in  accord¬ 
ance  with  a  catalytic  decay  of  Cu^  on  the  metallic 
surfaces.  (Further  EMF  and  kinetic  studies  on  the 
Cu^  disproportionation  are  underway).  The  same 
reaction  order  was  found  for  the  increase  of  the 
potential  of  the  Pt  electrode  after  the  immersion  of 
Cu„^  in  Fig.  5,  Obviously  the  small  minimum  in  this 
Cu„^  curve  is  due  to  a  slight  reactive  deposition  of 
supplementary  on  Cu^^  and  the  following 

decrease  of  both  potentials,  of  Cu^,^  and  Pt,  by  the 
Cu^  diproportionation. 


5.  Conclusion 

In  the  experiments  without  any  corrosion,  for 
which  Fig.  6  gives  an  example,  there  is  only  one 
identifiable  operative  process:  The  initial  dissolution 
of  CU2O,  which  induces  the  decomposition  of  Cu^. 
Over  a  period  of  nearly  100  h  the  Cu^^^  curve  shows 
no  other  marked  phenomena  than  small  fluctuation 
(<0.1  mV),  best  seen  in  the  inlet  of  Fig.  6.  No 
relaxation  of  any  type  can  be  observed.  When  slow 
corrosion  processes  are  active,  either  by  O2  (Fig.  3) 
or  by  Cu^”^  (Fig.  4),  short  positive  (1  mV)  deviations 
from  the  elsewhere  smooth  E(t)  courses  appeared 
after  irregular  time  intervals.  Sometimes  they  were 
accompanied  by  similar  features  of  the  Pt  potential 
(not  shown  in  Figs.  4  and  5),  which  means  that  CU2O 
particles  had  been  liberated  in  the  nanocrystalline 
electrode,  with  a  subsequent  change  of  the  Cu^ 
concentration.  The  irregular  course  was  only  visible 
in  the  Cu„^  potential  in  few  cases.  Then  it  can  be 
concluded  that  relaxation  takes  place,  but  until  now 
no  distinction  between  surface  or  strain  relaxation  is 
possible.  These  negative  results  are  not  in  contrast  to 
the  theoretical  considerations,  which  showed  that  no 
general  time  dependence  and  no  prediction  of  the 
time  of  appearence  can  be  expected  for  surface 
relaxation. 

On  the  other  hand,  we  demonstrated  by  this  work 
that  under  total  exclusion  of  O2,  which  can  be 
reached  by  trapping  it  within  the  cell,  potentials  of 
CUj^^  and  Cu„^  can  be  measured  with  satisfactory 


precision.  Therefore  it  would  be  possible  and  inter¬ 
esting  to  repeat  some  of  the  experiments  with  other 
types  of  Cu„j.  (e.g.  electrodeposition,  ball-milling). 
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Appendix  A 

The  molar  free  surface  energy  AGe^is  composed 
of  the  contributions  from  the  two  types  (0  of 
surfaces  a;  A, (a,  rj,  where  the  total  area  A-  of  the 
type  i  depends  on  the  spherical  shape  a  and  the 
effective  spherical  radius  and  of  the  three  types 
(j)  of  edges  Kj  Lj(a,  r^),  where  Kj  stands  for  the 
specific  edge  energy  («:n,/,oo.  '^in/ui-  '<^100/100)  and 
Lj  for  the  total  length  of  the  edge  type.  After 
referring  these  contributions  to  the  amount  of  the 
crystal  (V:  its  volume)  a  transformation  of  Eq.  (14) 
leads  to  Eq.  (16), where /(a)  and  k(a)  are  given  by 
Eq.  (A.2)  and  Eq.  (A.3). 

AGow  =  M  {E  a;.A,(a,  rj  +I,KjLj{a,  r,)}/V(r,)  p 

i  j 

(A.1) 

'3''’  -5  +  23’'"a-3a"  r.  .  2 

J  4^''’  (-7  +  3’'^  a  -  9a"  +  3''"a’)"'’ 

/(«)-■<  ,,3  .  «ol/2  r,  1 

3  ~ 1=23  a  2  1 


1 

^47r‘''  (l-3'''a  +  9a-23 

''Vr 

v5 

(A.2) 

"  306""a 

IV 

p 

IV 

(3''V-{3"“a-l)')"" 

(A.3) 

k{a)  =  *' 

96  2‘''  +  18  6"'a 

2  1 

J6-(3-3''V)"' 

When  Eq.  (17)  is  valid  for  the  relaxation  kinetics 
one  obtains  a(t)  by  numerical  integration  of  Eq. 
(A.4). 
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Fig.  7.  Factor /(a(0)  as  a  measure  of  surface  energy  in  its  time  dependence;  starting  near  cube:  o', ,  =  1.72;  starting  near  octahedron: 
a„  =  0.587. 


da/d/  =  -k'  {aAG,(a)/aa), 

=  —  k  d{f(a)  +  k(a)/r^}/da 

a(t) 

f _ do _ 

J  a{/(a)  +  r„fc(a)/rj/aa  ‘ 


(A.4) 

(A.5) 


Then  AG^v/it)  can  be  calculated.  As  an  example  we 
plot  in  Fig.  7  the  factor /(q'(O),  which  determines  the 
rate  for  r^>100  nm. 
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Abstract 

This  review  covers  the  fundamentals  of  zeolite  materials  science  and  their  application  as  catalysts.  After  a  brief 
introduction  into  their  structures,  the  most  important  parameters  are  discussed  which  allow  the  preparation  of  an  almost 
infinite  variety  of  zeolitic  materials  tailored  for  a  given  catalytic  application.  Zeolites  are  solid  acids,  and  the  chemical 
nature,  the  density,  strength  and  location  of  the  acid  sites  in  zeolites  are  discussed.  Shape-selective  catalysis,  which  is  a 
unique  feature  of  zeolites,  is  briefly  addressed.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Zeolites;  Catalysis;  Microporous  materials;  Mesoporous  materials;  Acidity  of  solids;  Shape-selective  catalyst;  Ion-exchange 


1.  Introduction 

Zeolites  occur  in  nature  and  have  been  known  for 
almost  250  years  as  aluminosilicate  minerals.  Exam¬ 
ples  are  faujasite,  mordenite,  offretite,  ferrierite, 
erionite  and  chabazite.  Today,  these  and  other  zeolite 
structures  are  of  great  interest  in  catalysis,  yet  their 
naturally  occurring  forms  are  of  limited  value, 
because  (i)  they  almost  always  contain  undesired 
impurity  phases,  (ii)  their  chemical  composition 
varies  from  one  deposit  to  another  and  even  from 
one  stratum  to  another  in  the  same  deposit,  and  (iii) 
nature  did  not  optimize  their  properties  for  catalytic 
applications. 

It  was  only  with  the  advent  of  synthetic  zeolites 
from  ca.  1948  to  1955  (thanks,  mostly,  to  the 
pioneering  work  of  Barrer  and  Milton)  that  this  class 
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of  porous  materials  began  to  play  a  role  in  catalysis. 
A  landmark  event  was  the  introduction  of  synthetic 
faujasites  (zeolites  X  and  Y)  on  an  industrial  scale  in 
fluid  catalytic  cracking  (FCC)  of  heavy  petroleum 
distillates  in  1962,  one  of  the  most  important  chemi¬ 
cal  processes  worldwide.  The  new  zeolitic  catalysts 
were  not  only  orders  of  magnitude  more  active  than 
the  previously  used  amorphous  silica-alumina 
catalysts  (which  enabled  drastic  process  engineering 
improvements  [1]),  but  they  also  brought  about  a 
significant  increase  in  the  yield  of  gasoline,  the  most 
valuable  product  from  FCC  plants.  It  can  be  esti¬ 
mated  [1,2]  that  this  yield  enhancement  alone  re¬ 
sulted  in  an  added  value  in  the  order  of  at  least 
several  billion  US  dollars  per  year.  It  has  further 
been  estimated  [3]  that,  as  a  whole,  the  cost  of 
petroleum  refining  worldwide  would  be  higher  by  at 
least  10  billion  US  dollars  per  year,  if  zeolite 
catalysts  were  not  available  today. 

In  the  period  after  1962,  zeolite  catalysts  rapidly 
conquered  additional  processes  in  the  fields  of 
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petroleum  refining  and  basic  petrochemistry.  The 
most  important  of  these  processes  are  hydrocracking 
of  heavy  petroleum  distillates  [4],  octane  number 
enhancement  of  light  gasoline  by  isomerization  [5], 
the  synthesis  of  ethylbenzene  (the  precursor  of 
styrene  and  polystyrene)  from  benzene  and  ethene 
after  the  Mobil-Badger  process  [6],  the  disproportio¬ 
nation  of  toluene  into  benzene  and  xylenes  [7]  and 
the  isomerization  of  xylenes  (to  produce  para- 
xylene,  the  precursor  chemical  for  terephthalic  acid). 
In  the  manufacture  of  fine  chemicals,  the  application 
of  zeolite  catalysts  is  still  limited,  even  though  their 
potential  is  considered  to  be  very  high  in  this  area  as 
well  [8,9].  Altogether,  catalysis  is  the  single  most 
important  application  of  zeolites  in  terms  of  financial 
market  size  (not  in  terms  of  tonnage)  with  an 
estimated  market  volume  around  1  billion  US  dollars 
per  year  [3]. 

This  review  will  cover  the  basic  principles  of 
zeolite  chemistry  and  catalysis.  After  a  brief  treat¬ 
ment  of  their  structures,  those  properties  of  zeolites 
will  be  addressed  which  are  of  utmost  importance  in 
their  use  as  catalysts,  viz.  surface  acidity  and  shape 
selectivity. 


2.  Structures  and  definitions 

The  elementary  building  units  of  zeolites  are  Si04 
and  AIO4  tetrahedra.  Adjacent  tetrahedra  are  linked 
at  their  comers  via  a  common  oxygen  atom,  and  this 
results  in  an  inorganic  macromolecule  with  a  struc¬ 
turally  distinct  three-dimensional  framework.  It  is 
evident  from  this  building  principle  that  the  net 
formulae  of  the  tetrahedra  are  Si02  and  AlOJ ,  i  e. 
one  negative  charge  resides  at  each  tetrahedron  in  the 
framework  which  has  aluminum  in  its  center.  The 
framework  of  a  zeolite  contains  channels,  channel 
intersections  and/or  cages  with  dimensions  from  ca. 
0.2  to  1  nm.  Inside  these  voids  are  water  molecules 
and  small  cations  which  compensate  the  negative 
framework  charge.  The  chemical  composition  of  a 
zeolite  can  hence  be  represented  by  a  formula  of  the 
type 

A;":[(Si02),-(A10-)J-zH20  (1) 

where  A  is  a  cation  with  the  charge  m,  (^+y)  is  the 


number  of  tetrahedra  per  crystallographic  unit  cell 
and  xly  is  the  so-called  framework  silicon /aluminum 
ratio  (or  simply  Si/Al).  Lowenstein’s  rule 

[10]  precludes  that  two  contiguous  tetrahedra  contain 
aluminum  on  tetrahedral  positions,  i.e.  Al-O-Al 
linkages  are  forbidden,  or  Silicon  and 

aluminum  in  aluminosilicate  zeolites  are  referred  to 
as  the  T-atoms. 

Fig.  1  shows  the  structures  of  four  selected 
zeolites  along  with  their  respective  void  systems  and 
pore  dimensions.  In  these  commonly  used  repre¬ 
sentations,  the  T-atoms  are  located  at  the  vertices, 
and  the  lines  connecting  them  stand  for  T-O-T 
bonds.  For  example,  if  24  tetrahedra  are  linked 
together  as  shown  in  the  top  line  of  Fig.  1,  the 
cubo-octahedron,  also  referred  to  as  a  sodalite  unit  or 
P-cage,  results.  It  is  an  important  secondary  building 
unit  from  which  various  zeolite  structures  derive.  If 
sodalite  units  are  connected  via  their  hexagonal  faces 
as  shown  in  Fig.  1,  the  structure  of  the  mineral 
faujasite  results.  It  is  identical  with  the  structures  of 
the  synthetic  zeolites  X  (X^n^./n^^-^X.S)  and  Y 
(«si/«Ai  >1-5).  Zeolite  Y  is  of  utmost  importance  in 
heterogeneous  catalysis,  for  example  it  is  the  active 
component  in  catalysts  for  fluid  catalytic  cracking 
[1,2].  Its  pore  system  is  relatively  spacious  and 
consists  of  spherical  cages,  referred  to  as  supercages, 
with  a  diameter  of  1.3  nm  connected  tetrahedrally 
with  four  neighboring  cages  through  windows  with  a 
diameter  of  0.74  nm  formed  by  12  TO4 -tetrahedra. 
Zeolite  Y  is  therefore  classified  to  possess  a  three- 
dimensional,  12-membered-ring  pore  system. 

An  example  of  a  zeolite  with  unidimensional, 
12-membered-ring  pores  is  zeolite  ZSM-12  (Fig.  1, 
line  2).  Its  pores  are  slightly  elliptical  with  dimen¬ 
sions  of  0.57X0.61  nm.  Zeolite  ZSM-5  (Fig.  1,  line 
3)  and  its  all-silica  analogue  silicalite-1  (^si^'^Ai 
are  built  from  the  pentasil  unit.  They  contain  inter¬ 
secting  systems  of  ten-membered-ring  pores,  one 
being  straight  and  one  sinusoidal.  ZSM-5  is  another 
example  of  a  zeolite  which  has  gained  huge  impor¬ 
tance  in  heterogeneous  catalysis.  It  is  used  industrial¬ 
ly  in  the  synthesis  of  ethylbenzene,  the  isomerization 
of  xylenes  and  the  disproportionation  of  toluene,  and 
it  is  often  looked  upon  as  the  prototype  of  shape- 
selective  catalysts  (vide  infra).  Several  zeolites  with 
unidimensional,  ten-membered-ring  pores  exist  as 
well,  one  example  being  Theta- 1  which  is  isostruc- 
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Fig.  1.  Structures  of  four  selected  zeolites  (from  top  to  bottom:  faujasite  or  zeolites  X,  Y;  zeolite  ZSM-12;  zeolite  ZSM-5  or  silicalite-1; 
zeolite  Theta-1  or  ZSM-22)  and  their  micropore  systems  and  dimensions. 


tural  to  zeolite  ZSM-22  (Fig.  1,  bottom  line).  An 
assortment  of  zeolite  catalysts  as  shown  in  Fig.  1  is 
often  a  good  starting  point  for  a  coarse  investigation 
of  the  influence  of  the  pore  width  and/or  dimen¬ 
sionality  on  the  selectivity  of  the  reaction  to  be 
studied. 

Among  the  unique  features  of  zeolites  compared 
to  more  conventional  solid  catalysts  or  catalyst 
supports  are  (i)  their  strictly  uniform  pore  diameters 
and  (ii)  pore  widths  in  the  order  of  molecular 
dimensions  (Fig.  2).  Bearing  in  mind  the  pertinent 
lUPAC  classification  [11]  for 

micropores:  2.0nm><ip, 
mesopores:  2.0  nm  <  <  50  nm  and 

macropores:  >  50  nm 

with  being  the  pore  diameter,  zeolites  are  typical 
microporous  materials.  More  conventional  porous 
solids  have  their  range  of  pore  diameters  from  ca.  10 


nm  onwards  (cf.  Fig.  2),  and  for  some  time  there  was 
a  gap  in  the  lower  mesopore  range. 

This  gap  was  filled  recently  with  the  discovery  of 
mesoporous  materials  of  the  M41S  family  [12],  the 
most  prominent  and  most  extensively  investigated 
member  of  this  family  being  MCM-41.  MCM-41  is  a 
hexagonal  material  containing  a  regular  array  of 
mesopores  with  uniform  diameter.  By  proper  syn¬ 
thesis  procedures,  the  pore  diameter  can  be  varied 
from  ca.  2  to  10  nm.  The  M41S  materials  are  often 
referred  to  as  ‘mesoporous  zeolites’.  Indeed,  MCM- 
41  resembles  a  zeolite  with  respect  to  its  regular 
system  of  pores  with  their  uniform  width.  There  is, 
however,  one  significant  difference,  namely  the  non¬ 
crystallinity  of  the  silica  or  silica-alumina  pore  walls 
in  MCM-41. 

The  most  appropriate  definition  of  the  term  zeolite 
is  a  matter  of  ongoing  debate.  Mineralogists  tend  to 
restrict  it  to  aluminosilicates  according  to  Eq.  (1), 
Zeolites  are  then  crystalline  aluminosilicates  with  a 
framework  forming  regular  channels  with  a  diameter 
of  up  to  ca.  1  nm.  These  channels  contain  cations 
(frequently  Na^  ions),  which  compensate  the  nega- 
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Fig.  2.  Typical  pore  diameter  distributions  of  porous  solids  (KA  is  the  K'  form  of  zeolite  A;  VPI-5  is  a  microporous  aluminophosphate  with 
1 8-membered-ring  pores;  for  the  description  of  M4IS  materials  see  Section  2).  For  comparison,  the  kinetic  diameters  of  water,  methane  and 
neopentane  are  also  indicated. 


live  framework  charge  and  are  very  mobile,  and 
water  which  desorbs  upon  heating  without  destruc¬ 
tion  of  the  crystalline  structure. 

Liebau  et  al.  [13,14]  suggested  the  classification  of 
the  materials  in  the  large  group  of  tectosilicates 
according  .  to  their  chemical  composition 
(aluminosilicates:  tectolites\  Si02:  tectosils)  and  their 
framework  or  tetrahedral  density  defined  as  the 
number  of  TO4  tetrahedra  per  nm'\  Tectosilicates 
with  n^lnra  are  referred  to  as  dense  and 

divided  into  pyknolites  (aluminosilicates,  e.g. 
nepheline,  cordierite  or  feldspars)  and  pyknosils 
(SiO^,  e.g.  quartz  or  cristobalite).  These  materials 
lack  porosity  and  are,  hence,  of  no  interest  by 
themselves  as  catalysts  (though  sometimes  as  cata¬ 
lyst  carriers).  Tectosilicates  with  p^<2\  are 

called  porous  and  divided  into  porolites  (aluminosili¬ 
cates)  and  porosils  (Si02).  Sub-classes  of  the  poro¬ 
lites  are  clathralites  (e.g.  sodalite  or  ZSM-39)  and 


zeolites.  Clathralites  possess  voids  with  windows 
(usually  formed  by  six  TO4  tetrahedra)  which  are  too 
small  to  let  the  void-filling  guests  pass.  Such  tec¬ 
tosilicates  have  the  characteristics  of  clathrates  and 
are  not  of  interest  in  catalysis.  In  zeolites,  by 
contrast,  the  cavities  possess  windows  large  enough 
for  guest  molecules  to  diffuse  through.  In  much  the 
same  way,  sub-classes  of  porosils  are  clathrasils  (e.g. 
silica-sodalite  or  melanophlogite)  and  zeosils  (e.g. 
silicalite-1  or  silica-ZSM-22).  Liebau’s  nomencla¬ 
ture,  though  very  straightforward  and  systematic,  has 
unfortunately  found  limited  acceptance,  though  its 
salient  terms  are  being  used  occasionally  in  the 
literature  [15]. 

Today,  a  broad  variety  of  zeolite-like  microporous 
materials  are  known  with  T-atoms  other  than  silicon 
and  aluminum.  For  these  materials.  Dyer  proposed 
the  term  zeotypes  [16].  The  best  known  examples  are 
microporous  aluminophosphates  (AIPO4S)  and  ma- 
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terials  derived  from  them  by  incorporation  of  T- 
atoms  other  than  aluminum  and  phosphorus  [17,18]. 
All  these  and  related  microporous  materials  with  still 
other  T-atoms  like  titanium,  vanadium,  cobalt,  etc. 
are  of  considerable  interest  in  catalysis  and  routinely 
dealt  with  at  the  International  Zeolite  Conferences. 
The  terms  zeolites,  microporous  materials  and  mo¬ 
lecular  sieves  are  therefore  often  used  as  synonyms 
indicating  that  the  regular  array  of  micropores  with 
well-defined  dimensions  is  the  unifying  principle 
which  renders  this  wealth  of  materials  attractive  for 
catalysis  (and  other  applications). 

3.  Broad  variety  of  zeolitic  materials  available 

3.1 ,  Structure  and  pore  size 

Four  selected  zeolite  structures  were  shown  in  Fig. 
1,  but  many  more  are  available  today.  A  huge 
number  of  zeolitic  materials  has  been  described  in 
the  literature,  and  a  great  deal  of  these  in  the  patent 


literature.  It  is  sometimes  difficult,  especially  for 
researchers  whose  prime  interest  lies  in  catalysis,  to 
find  out  whether  such  reported  materials  possess 
truly  new  structures  or  whether  they  represent  var¬ 
iants  of  structures  already  known.  In  this  context,  the 
work  of  the  Structure  Commission  of  the  Internation¬ 
al  Zeolite  Association  (IZA)  has  been  most  valuable. 
Composed  of  16  experienced  crystallographers,  the 
Commission  regularly  scrutinizes  proposed  zeolite 
structures.  Once  a  structure  has  been  approved  by  the 
Commission,  it  is  assigned  a  three-letter  code  (e.g. 
FAU  for  faujasite  and  zeolites  X  and  Y;  MTW  for 
zeolite  ZSM-12;  MFI  for  zeolite  ZSM-5  and  its 
zeosil  analogue  silicalite-1;  TON  for  zeolites  Theta- 1 
and  ZSM-22  which  are  isostructural)  and  included  in 
the  ‘Atlas  of  Zeolite  Structure  Types’.  Its  latest 
edition  appeared  in  1996  [19]  and  embraces  98 
structures.  An  additional  28  structures  have  since 
been  published  on  the  world  wide  web. 

At  this  time  (December  1999),  there  is  hence  a 
total  of  126  approved  zeolites  structures.  In  Fig.  3, 
their  range  of  crystallographic  pore  diameters  is 
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plotted  versus  the  number  of  T04-tetrahedra  cir¬ 
cumscribing  their  pores.  The  largest,  i.e.  catalytically 
most  relevant  pores  were  chosen  for  those  zeolites 
which  possess  more  than  one  pore  system.  The 
kinetic  diameters  {a  in  the  Lennard-Jones  model  for 
intermolecular  interactions)  for  a  few  selected  mole¬ 
cules  are  also  given  in  Fig.  3  for  comparison.  It  is 
seen  that  there  are  13  structurally  different  clathra- 
lites/clathrasils  with  six-membered-ring  pores.  Such 
pores  are  generally  too  narrow  (around  0.2  nm)  to 
admit  the  molecules  involved  in  catalytic  reactions. 
The  remaining  113  zeolites  span  a  range  of  pore 
widths  which  coincides  with  the  range  of  dimensions 
of  a  very  large  number  of  molecules.  It  is  further¬ 
more  seen  from  Fig.  3  that  zeolites  with  eight-,  ten- 
and  12-membered-ring  pores  for  which,  respectively, 
the  terms  small-pore,  medium-pore  and  large-pore 
zeolites  are  customary,  strongly  predominate  with  a 
total  of  104  structures,  whereas  the  super-large-pore 
materials  with  pores  formed  by  more  than  12  TO4- 
tetrahedra  and  materials  with  pores  formed  by  an  odd 
number  of  T04-tetrahedra  are  still  scant. 

The  potential  of  zeolites  with  nine-membered-ring 
pores  has  so  far  hardly  been  explored.  Zeolites  with 
eight-membered-ring  pores  are  good  catalysts  for  a 
limited  number  of  reactions  involving  small  reactant 
and  product  molecules.  Examples  are  the  manufac¬ 
ture  of  mono-  and  dimethylamine  from  methanol  and 
ammonia  or  the  conversion  of  methanol  to  small 
olefins  (MTO).  For  the  majority  of  catalytic  applica¬ 
tions,  medium-  or  large-pore  zeolites  will  usually  be 
preferred. 

Fine-tuning  and  tailoring  of  the  pore  size  of  a 
given  zeolite  can  be  achieved  by  various  post-syn¬ 
thesis  modification  techniques  for  which  the  generic 
term  ‘pore  size  engineering’  has  been  coined  [20]. 
Among  these  techniques  are  ion  exchange  and 
chemical  vapor  deposition  (CVD).  A  frequently  used 
class  of  CVD  precursors  are  silanes  and  or- 
ganosilanes,  such  as  tetramethoxysilane  or  tetra- 
ethoxy  silane. 

3.2.  Chemical  composition 

Many  aluminosilicate  zeolites  can  be  synthesized 
over  a  range  of  aluminum  contents,  for  example 
zeolite  ZSM-5  from  n^  Jn^^  ~  10  to  00.  In  addition, 
various  techniques  for  the  post-synthesis  dealumina- 
tion  of  the  framework  have  been  developed  which 


can  be  classified  into  thermal  treatments,  hydrother¬ 
mal  treatments,  extraction  of  framework  aluminum 
with  acid  and  replacement  of  framework  aluminum 
with  silicon  by  reaction  with  silicon  halides  or 
hexafluorosilicates  [21].  Conversely,  an  insertion  of 
aluminum  into  the  zeolite  framework  can  be 
achieved  as  well  [21].  Among  the  properties  which 
are  affected  by  the  framework  aluminum  content  are 
the  density  of  negative  framework  charges,  the 
cation-exchange  capacity,  the  density  of  Brpnsted 
acid  sites,  their  strength,  the  thermal  stability,  the 
hydrophilic  or  hydrophobic  surface  properties  [22] 
and  the  unit  cell  dimensions. 

As  already  mentioned,  a  number  of  elements  other 
than  silicon  or  aluminum  can  occur  as  T-atoms. 
Relevant  to  catalysis  are  silicoaluminophosphates,  in 
part  because  some  of  these  materials  possess  struc¬ 
tures  which  do  not  exist  for  aluminosilicates,  and  in 
part  because  their  acid  strength  is  lower  than  the  one 
of  aluminosilicate  zeolites.  Materials  containing 
titanium,  vanadium,  iron  and  other  transition  metals 
in  the  framework  have  recently  attracted  much 
interest  as  catalysts  for  selective  oxidations  [23].  The 
most  prominent  example  is  titanium  silicalite-1  (TS- 
1,  MFI  structure)  which  is  used  on  an  industrial  scale 
for  the  production  of  hydroquinone  and  catechol 
from  phenol  and  hydrogen  peroxide  [24]. 

3.3.  Ion  exchange 

With  their  negatively  charged  porous  framework 
and  the  small  and  mobile  cations  sitting  in  the  pores, 
zeolites  are  typical  ion  exchangers.  In  fact,  zeolites 
are  widely  used  as  builders  in  laundry  detergents 
where  their  role  is  to  take  up  calcium  and  mag¬ 
nesium  ions  in  exchange  for  sodium  ions,  thereby 
softening  the  washing  water.  Obviously,  an  as  high 
as  possible  cation  exchange  capacity  and,  hence,  the 
highest  possible  aluminum  content  in  the  framework 
(7?5i/A?Ai  =  l)  are  desired  for  this  application.  This  is 
the  domain  of  zeolite  A,  and  as  a  whole,  the  use  of 
zeolites  as  ion  exchangers  in  detergents  represents 
their  largest  market  in  terms  of  tonnage  (not  in  terms 
of  financial  turnover)  with  a  worldwide  production 
rate  close  to  1  million  t/ annum. 

In  the  manufacture  of  zeolite  catalysts,  ion  ex¬ 
change  plays  an  outstanding  role  as  well.  For  many 
catalytic  applications,  a  Brpnsted  acid  form  of  a 
zeolite  is  required.  Brpnsted  acid  sites  in  zeolites  can 
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be  readily  generated  by  introducing  ammonium  ions 
followed  by  a  heat  treatment  or  by  introducing 
multivalent  metal  cations,  typically  cations  of  the 
rare-earths,  again  followed  by  heat  treatment  (vide 
infra).  In  processes  which  work  under  hydrogen 
pressure,  such  as  hydrocracking  of  heavy  petroleum 
distillates  or  the  isomerization  of  light  gasoline, 
bifunctional  catalysts  are  needed  which  contain  both 
Brpnsted  acid  sites  and  a  component  which  activates 
hydrogen,  typically  a  noble  metal  like  palladium  or 
platinum.  These  noble  metals  can  again  be  easily 
introduced  into  the  zeolite  pores  by  ion  exchange 
with  cationic  forms  of  such  metals,  e.g. 
[Pd(NH3)J^^  or  [Pt(NH3)4]'^,  followed  by  thermal 
removal  of  the  ammine  ligands.  More  recently,  the 
use  of  metal-containing  zeolite  catalysts  for  the 
selective  reduction  of  nitrogen  oxides  with  light 
hydrocarbons,  e.g.  in  exhaust  gases  from  diesel 
engines,  has  become  a  topic  of  worldwide  research 
[25,26].  Here  again,  ion  exchange  is  almost  always 
applied  to  incorporate  the  frequently  studied  metals^: 
like  Cu,  Co,  Pt  or  Pd  into  the  zeolite.  "  ~ 

Ion  exchange  is  a  very  simple  technique:  The 
zeolite  is  suspended  in  an  aqueous  solution  of  a 
soluble  salt  containing  the  desired  cation,  preferen¬ 
tially  under  conditions  which  favor  mass  transfer,  i.e. 
at  elevated  temperatures  (ca.  90°C)  under  stirring. 
While  this  procedure  is  very  versatile,  it  has  its 
limitations:  Sometimes,  the  cation  with  its  hydrate 
shell  is  too  bulky  to  enter  the  zeolite  pores,  or  the 
salt  with  the  cation  in  the  desired  valence  state  is 
unstable  or  insoluble  in  water.  In  these  and  other 
instances,  the  desired  form  of  the  zeolite  can  often  be 
made  by  solid-state  ion  exchange:  The  zeolite, 
typically  in  its  H^-form,  and  a  compound  containing 
the  in-going  cation,  e.g.  a  halide,  are  intimately 
mixed,  whereupon  this  physical  mixture  of  solids  is 
heated  in  an  inert  gas  stream.  An  excellent  review  on 
solid-state  ion  exchange  with  zeolites  and  its  var¬ 
iants,  viz.  contact-induced  solid-state  ion  exchange, 
vapor  phase-mediated  ion  exchange  and  reductive 
solid-state  ion  exchange  has  recently  been  published 
by  Karge  [27]. 

3.4.  Crystal  size 

The  size  of  zeolite  crystals  is  often  in  the  order  of 
one  to  several  micrometers.  A  typical  example  is 
depicted  in  Fig.  4a  which  shows  tablets  of  zeolite 


ZSM-5  with  dimensions  of  1  to  3  p.m.  Some  zeolites 
which  are  relevant  to  catalysis  can,  however,  be 
synthesized  in  very  small  crystals  with  a  size  down 
to  ca.  5  nm  (such  small  crystals  are  X-ray-amorphous 
[28])  or  in  very  large  crystals  up  to  ca.  100  juim  or 
even  1  mm  [29].  As  an  example,  large  crystals  of 
zeolite  ZSM-5  are  shown  in  Fig.  4b.  For  catalytic 
applications,  both  a  decreased  and  an  increased 
crystal  size  can  be  desirable:  Upon  decreasing  the 
crystal  size,  the  diffusional  paths  of  the  reactant  and 
product  molecules  inside  the  pores  become  shorter, 
and  this  can  result  in  a  reduction  or  elimination  of 
undesired  diffusional  limitations  of  the  reaction  rate. 
However,  while  decreasing  the  crystal  size,  one  must 
be  careful,  since  below  ca.  0.1  p.m  the  external 
crystal  surface  begins  to  play  a  non-negligible  role 
vis-a-vis  the  internal  surface,  and  this  is  particularly 
undesirable  if  shape  selectivity  effects  are  to  be 
exploited.  Shape  selectivity,  which  is  a  unique  effect 
...  in  zeolite  catalysis,  can  only  occur  inside  the  channel 
and  cage  system  (vide  infra).  Conversely,  upon 
increasing  the  crystal  size,  the  diffusional  paths  of 
the  molecules  inside  the  pores  are  lengthened,  and 
this  may,  under  certain  circumstances,  affect  the 
selectivity  in  a  desirable  manner. 


4.  Acidity  of  zeolites 

Among  the  most  important  properties  of  zeolites 
with  respect  to  their  use  as  catalysts  is  their  surface 
acidity.  To  describe  the  acidity  of  zeolites  in  an 
adequate  manner,  it  is  mandatory  to  clearly  dis¬ 
tinguish  between  (i)  the  nature  of  the  acid  sites  (i.e. 
Brpnsted  vs.  Lewis  acidity),  (ii)  the  density  or 
concentration  of  these  sites,  (iii)  their  strength  or 
strength  distribution  and,  last  but  not  least,  (iv)  the 
precise  location  of  the  acid  sites. 

4.1.  Nature  of  the  acid  sites 

Both  Brpnsted  and  Lewis  acid  sites  occur  in 
zeolites.  Brpnsted  acid  sites  are  almost  always 
generated  by  either  of  the  procedures  represented  by 
Eqs.  (2)  and  (3),  where  Z~  stands  for  the  negatively 
charged  framework: 

NH;  4-Na^Z“  ^  NH;Z-“''"4''°^H^Z"  (2) 

-Na+  -NH3 
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Fig.  4.  Scanning  electron  micrographs  showing  crystals  of  zeolite  ZSM-5.  (a,  top):  Tablets  of  ca.  2X2  XI  jxm;  (b,  bottom):  Bars  of  ca. 
80X10X10  |ULm. 
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i.e.  aqueous  ion  exchange  with  an  ammonium  salt 
followed  by  thermal  decomposition  of  the  ammo- 
nium  ions  inside  the  zeolite,  or 

[LaCHjOy^'"  +  3Na^Z-  ^ 

-3  Na  + 

[La(H,0)J^^Z“)3 

-(h-2)  H2O 

[(La0H)(H20)]'^H^(Z“)3^ 

[La(OH)j"(H^)2(Z-)3  (3) 

i.e.  aqueous  ion  exchange  with  the  salt  of  a  multi¬ 
valent  metal  cation  (often  used  are  Mg^^,  Ca^^, 
La^'^  or  mixed  rare-earth  cations)  followed  by  ther¬ 
mal  dehydration.  The  sequence  of  events  in  Eq.  (3) 
is  usually  referred  to  as  the  Hirschler-Plank  scheme: 
Upon  removal  of  most  of  the  water  from  the  cation 
inside  the  zeolite  pores,  strong  electrostatic  fields 
build  up,  because  the  lanthanum  ion  has  to  neutralize 
three  negative  charges  fixed  in  the  framework  at  a 
significant  distance  from  each  other.  Under  the 
influence  of  these  local  electrostatic  fields,  remaining 
water  molecules  dissociate  giving  rise  to  a  proton 
and  an  OH  group  which  is  non-acidic  and  bound  to 
the  metal  cation.  It  is  seen  from  Eq.  (3)  that  a 
maximum  of  two  Brpnsted  acid  sites  can  be  formed 
per  La^^  ion  introduced. 

The  direct  ion  exchange  with  mineral  acids 

H""  +  Na^'Z"  ^  H*Z'  (4) 

-Na  + 

is  generally  less  favored,  because  an  exposure  of 
zeolites  to  such  acids  often  leads  to  undesired  effects 
like  framework  dealumination  or,  in  the  case  of 
aluminum-rich  zeolites,  to  a  complete  framework 
collapse. 

Finally,  Brpnsted  sites  inevitably  form,  when 
cations  of  metals  nobler  than  hydrogen  are  reduced 
by  molecular  hydrogen: 

[Pd(NH3),]"^  + 

2Na-"Z“  ^  [Pd(NH3)j"'^(Z')3  (5) 

-2Na+  -4NH3 

Pd^"(Z-)/4'pd"(H^),(Z-)2 

Regardless  of  the  method  used  for  their  generation 
[Eqs.  (2)-(5)],  the  chemical  nature  of  the  Brpnsted 
acid  sites  is  the  same,  viz.  bridging  hydroxyl  groups 


formed  by  the  proton  and  a  framework  oxygen  in  an 
AIO4  tetrahedron. 

Upon  severe  heat  treatment  (>500°C),  the  Br0n- 
sted  acid  sites  are  degraded  (‘dehydroxylation’), 
water  is  split  off  with  the  concomitant  formation  of 
Lewis  acid  sites.  Their  precise  chemical  nature  is 
less  clear.  For  some  time,  they  were  looked  upon  as 
tricoordinated  aluminum  and/or  tricoordinated,  posi¬ 
tively  charged  silicon  in  the  framework.  Kiihl, 
however,  was  able  to  demonstrate  [30]  that  silicon  in 
dehydroxylated  zeolites  remains  tetracoordinated  and 
much  of  the  aluminum  is  converted  to  octahedral 
rather  than  trigonal  coordination.  This  led  Kiihl  to 
conclude  that  [(AlO)”^]^'^  units  removed  from  the 
zeolite  framework  act  as  true  Lewis  sites. 

The  Brpnsted  OH  groups  can  be  directly  detected 
by  solid-state  IR  (Fig.  5a)  and  ^H-NMR  (Fig.  5b) 
spectroscopy.  In  the  OH-stretching  region  of  the  IR 
spectrum,  acid  faujasites  (see  Fig.  1,  top  line,  for 
their  structure)  show  essentially  two  bands  appearing 
at  ca.  3550  cm  ^  and  3640  cm  ^  These  bands  are, 
respectively,  due  to  bridging  OH  groups  in  the  small 
sodalite  cages  and  in  the  large  supercages.  In  line 
with  this  assignment,  the  band  at  3640  cm"^  dis¬ 
appears  upon  adsorption  of  the  base  pyridine,  where¬ 
as  the  band  at  3550  cm  ^  does  not.  Obviously,  the 
pyridine  molecule  is  too  bulky  to  penetrate  the  small 
cages.  This  is  an  example  of  a  molecular  sieve  effect. 
In  the  region  of  ring  deformation  vibrations,  new 
bands  appear  after  adsorption  of  pyridine.  The  band 
around  1540  cm  ^  is  due  to  pyridinium  ions  chemi¬ 
sorbed  on  Brpnsted  acid  sites,  whereas  the  band  at 
1455  cm  *  is  indicative  of  pyridine  on  Lewis  acid 
sites.  Note  that  the  small  band  at  ca.  3740  cm~^ 
originates  from  terminal,  non-acidic  OH  bands  either 
at  the  external  surface  of  the  crystals  or  at  amor¬ 
phous  inclusions.  It  should  also  be  mentioned  that, 
unlike  faujasite,  most  high-silica  zeolites  such  as 
HZSM-5  show  a  single  band  in  the  OH-stretching 
region  which  appears  close  to  3600  cm~\ 

The  ^H-NMR  spectrum  of  acid  faujasite  (Fig.  5b) 
consists  of  an  intense  signal  at  3  to  6  ppm.  After 
deconvolution,  the  signals  for  bridging  OH  groups  in 
the  large  and  in  the  small  cages  appear  at  3.9  and  4.8 
ppm,  respectively.  The  combined  application  of 
solid-state  IR  and  NMR  spectroscopy  has  signifi¬ 
cantly  contributed  to  our  understanding  of  zeolite 
acidity,  especially  in  relation  to  catalytic  activity.  An 
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Fig.  5.  (a,  top):  IR  spectra  of  HY  zeolite  without  (solid  lines)  and  with  (dotted  lines)  adsorbed  pyridine;  (b,  bottom):  ‘H-MAS-NMR 
spectrum  of  HY  zeolite. 
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excellent  account  on  solid-state  IR  and  NMR  spec¬ 
troscopy  and  the  information  they  furnish  with 
respect  to  zeolite  catalysis  may  be  found  in  the 
recent  literature  [31]. 

It  has  been  repeatedly  found  that  the  catalytic 
activity  stems  from  the  Brpnsted  rather  than  the 
Lewis  acid  sites.  It  is  doubtful  whether  the  Lewis 
sites  play  a  role  at  all  in  acid-catalyzed  reactions.  It 
has  been  claimed  [32]  that,  under  certain  circum¬ 
stances,  Lewis  acid  sites  might  enhance  the  strength 
of  nearby  Brpnsted  sites,  thereby  exerting  an  indirect 
influence  on  the  catalytic  activity. 

4.2.  Density  and  strength  of  acid  sites 

The  density  of  Brpnsted  acid  sites  in  a  zeolite  is 
obviously  related  to  the  framework  aluminum  con¬ 
tent.  Limiting  cases  are  pure  zeosils,  which  lack 
acidity,  and  aluminum-rich  zeolites  such  as  HY.  Note 
that  zeolite  X  which  is  even  richer  in  aluminum  is 
unstable  in  the  H'^-form.  The  density  of  Br0nsted 
sites  can  be  measured  by,  e.g.  ’H-NMR  spectroscopy 
or  IR  spectroscopy,  either  with  or  without  adsorption 
of  a  base  like  pyridine,  but  the  latter  technique 
requires  the  knowledge  of  reliable  extinction  co¬ 
efficients  which  are  often  difficult  to  find.  Similarly, 
the  density  of  Lewis  acid  sites  is  accessible  through 
IR  measurements  using  the  1455  cm"^  band  after 
adsorption  of  pyridine  (here  again  reliable  extinction 
coefficients  are  needed).  An  alternative  method  is  to 
measure  the  total  number  of  acid  sites  by  titration 
with  a  gaseous  base  like  ammonia  and  to  subtract  the 
number  of  Brpnsted  acid  sites  which  has  to  be 
determined  separately. 

Less  readily  obtained  is  the  strength  distribution  of 
acid  sites  in  zeolites.  Calorimetric  methods  measur¬ 
ing  the  heat  of  adsorption  of  nitrogen  bases  probably 
give  the  most  reliable  results,  but  such  experiments 
tend  to  be  cumbersome  and  require  very  experienced 
experimentalists.  Semi-quantitative  results  may  be 
obtained  by  IR  spectroscopy  with  bases  like  pyridine 
at  a  set  of  suitably  selected  temperatures.  Tem¬ 
perature-programmed  desorption  of  bases  like  am¬ 
monia  or  pyridine  are  most  frequently  employed, 
because  the  technique  is  simple  and  versatile.  How¬ 
ever,  the  results  must  be  interpreted  with  care,  since 
hindered  diffusion  of  the  desorbed  base  out  of  the 
pores  and  multiple  adsorption /desorption  may  ob¬ 
scure  the  desired  information. 


All  these  techniques  indicate  that  zeolites  are 
significantly  stronger  acids  than  their  forerunners  in 
industrial  catalysis,  i.e.  amorphous  silica-aluminas, 
and  it  is  in  the  first  place  this  enhanced  acid  strength 
which  made  zeolites  so  valuable  and  successful  in 
processes  like  catalytic  cracking.  The  recently  dis¬ 
covered  mesoporous  materials  like  MCM-41  do  not 
possess  the  high  acid  strength  of  zeolites,  and  this  is 
a  major  hurdle  which,  together  with  the  relatively 
high  cost  of  their  manufacture,  so  far  prevented  them 
from  being  applied  as  catalysts  in  industrial  pro¬ 
cesses. 

It  is  well  known  and  supported  by  quantum 
chemical  calculations  that,  due  to  the  higher  elec¬ 
tronegativity  of  silicon  compared  to  aluminum,  the 
strongest  Br0nsted  acid  sites  in  zeolites  will  occur  on 
completely  isolated  A104-tetrahedra,  i.e.  those  which 
lack  A104-tetrahedra  as  next  nearest  neighbors.  This 
is  the  reason  why,  upon  dealumination  of  Y-zeolites 
with  a  typical  n^Jn^^  of  2.5,  the  catalytic  activity 
generally  increases  up  to  n^fn^^^lO.  In  this  region, 
the  gain  in  acid  strength  overcompensates  the  de¬ 
crease  in  the  density  of  Brpnsted  acid  sites.  From  a 
certain  n^.Jn^^  onwards  (and  with  high-quality  zeol¬ 
ite  samples)  the  activity  per  acid  site  remains  con¬ 
stant  [32].  For  a  more  detailed  discussion  of  the 
important  issue  of  zeolite  acidity,  the  review  by 
Rabo  and  Gajda  [33]  can  be  recommended. 

4.3.  Location  of  the  acid  sites 

A  complete  description  of  zeolite  acidity  would 
include  a  detailed  analysis  of  the  location  of  the 
catalytically  active  sites.  To  what  extent  do  these 
occur  on  the  external  surface  of  the  crystals  and 
inside  the  pores  (only  the  internal  surface  can  be 
expected  to  show  shape  selectivity,  vide  infra)?  To 
what  extent  do  the  sites  occur  in  large  cavities, 
which  are  accessible  for  bulky  reactant  molecules, 
and  in  smaller  cavities  in  which  they  are  hidden  for 
such  molecules?  Are  the  acid  sites  evenly  distributed 
over  the  crystals,  or  are  they  concentrated  in  a  shell 
near  the  external  surface  or,  conversely,  in  the  core 
of  the  crystals?  More  and  more  examples  for  surpris¬ 
ing  distributions  of  the  location  of  acid  sites  are 
emerging  in  the  literature.  One  example  is  the  acid 
form  of  zeolite  ferrieiite  which  possesses  both  eight- 
membered-ring  (dimensions:  0.35X0.48  nm)  and 
ten-membered-ring  (0.42X0.54  nm)  pores.  Interest- 
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ingly,  about  three  quarters  of  the  Br0nsted  acid  sites 
are  located  in  the  eight-membered-ring  pores  and 
hence  inaccessible  to  many  potential  reactant  mole¬ 
cules  [34,35]. 

5.  Shape-selective  catalysis  in  zeolites 

The  fact  that  the  pores  of  zeolites  and  molecules 
interacting  with  the  surface  of  zeolites  have  dimen¬ 
sions  in  the  same  order  of  magnitude  (cf.  Figs.  2  and 
3),  leads  to  unique  effects  in  catalysis  for  which  the 
generic  term  shape-selective  catalysis  is  in  use  today. 
Shape-selective  catalysis  encompasses  all  effects  in 
which  the  selectivity  of  the  heterogeneously  cata¬ 
lyzed  reaction  depends  unambiguously  on  the  pore 
width  or  pore  architecture  of  the  microporous  cata¬ 
lyst  [36]. 

Numerous  such  effects  are  known  today.  Almost 
always,  they  can  be  classified  into  one  of  the 
following  categories: 

(i)  Reactant  shape  selectivity:  There  are  at  least 
two  reactants  with  differences  in  their  molecular 
dimensions.  If  the  diffusion  of  the  bulkier  reactant 
molecules  inside  the  pores  is  hindered,  the  less  bulky 
molecules  will  react  preferentially.  The  limiting  case 
is  a  complete  size  exclusion  of  one  reactant  which 
leaves  the  catalytic  reactor  unconverted. 

(ii)  Product  shape  selectivity:  At  least  two  prod¬ 
ucts  with  differences  in  their  molecular  dimensions 
may  form  in  parallel  or  consecutive  reactions.  If  the 
diffusion  of  the  bulkier  product  molecules  inside  the 
pores  is  hindered,  the  less  bulky  molecules  will  be 
formed  preferentially.  The  limiting  case  is  a  com¬ 
plete  suppression  of  the  formation  of  the  bulkier 
molecules. 

(iii)  Restricted  transition  state  shape  selectivity: 
Neither  the  reactant  nor  the  product  molecules 
experience  a  hindered  diffusion.  However,  out  of  at 
least  two  (parallel  or  consecutive)  reactions,  one  is 
going  via  a  bulky  transition  state  or  intermediate 
which  cannot  be  accommodated  inside  the  zeolite 
pores.  In  favorable  cases,  this  reaction  is  entirely 
suppressed.  The  chances  for  achieving  restricted 
transition  state  shape  selectivity  in  a  suitably  selected 
zeolite  are  usually  very  good,  if  the  same  reactant 
can  undergo  a  monomolecular  and  a  bimolecular 
reaction. 


Note  that  cases  (i)  and  (ii)  are  identical  in  their 
nature  and  have  their  origin  in  mass  transfer  effects. 
If  desired,  these  effects  can  be  amplified  (or 
weakened)  by  using  larger  (or  smaller)  crystals  of  the 
same  zeolite,  i.e.  by  lengthening  (or  shortening)  the 
diffusional  paths  inside  the  pores,  or  by  using 
another  zeolite  with  slightly  narrower  (wider)  pores. 
By  contrast,  case  (iii)  is  an  intrinsic  chemical  effect, 
and  the  selectivity  will  be  independent  of  the  crystal 
size. 

Shape-selective  catalysis  in  zeolites  is  already 
exploited  in  a  number  of  large-scale  processes  [7].  In 
most  cases,  the  observed  selectivity  effects  can  be 
rationalized  satisfactorily  in  terms  of  the  traditional 
classification  outlined  above.  To  account  for  more 
recent  research  results,  however,  a  number  of  novel 
concepts  for  shape-selective  catalysis  in  zeolites 
were  advanced.  Among  these  are  cage  or  window 
effects,  a  directed  (e.g.  tip-on)  adsorption  of  mole¬ 
cules  at  the  active  sites,  secondary  shape  selectivity, 
inverse  shape  selectivity  and  pore  mouth  catalysis. 
For  an  adequate  discussion  of  these  and  other 
concepts,  the  reader  can  be  referred  to  Refs.  [36,37]. 

6.  Concluding  remarks 

Zeolite  materials  science  is  an  advanced  field,  and 
the  same  is  true  for  the  use  of  zeolites  in  catalysis. 
Only  a  few  fundamental  aspects  could  be  addressed 
in  the  present  review,  but  the  references  cited  offer 
the  opportunity  to  the  reader  to  acquire  adequate, 
modem  and  in-depth  information  on  a  topic  which  is 
equally  fascinating  from  a  fundamental  viewpoint 
and  for  industrial  research.  Zeolite  catalysis  is  a  good 
example  for  the  impact  and  beneficial  effects  of 
novel  materials  on  the  performance  and  efficiency  of 
industrial  processes  and,  ultimately,  the  welfare  of 
mankind.  At  the  same  time,  zeolite  catalysis  is  a 
truly  interdisciplinary  field  which  needs  the  expertise 
and  ingenuity  of  mineralogists,  crystallographers, 
chemists,  physicists  and  engineers. 

Catalysis  is  one  of  the  most  important  fields  of 
application  of  zeolites,  but  by  no  means  the  sole  one. 
Zeolites  are,  besides,  used  on  a  large  scale  as  ion 
exchangers  in  laundry  detergents  and  for  the  clean¬ 
up  of  radioactive  waste  and  as  adsorbents  for  the 
purification  and  separation  of  numerous  substances. 
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Large  efforts  are  being  undertaken  worldwide  to 
open  the  door  to  novel  applications  for  zeolites,  e.g. 
in  electrochemistry,  photochemistry,  membrane  sci¬ 
ence  and  technology,  to  enumerate  only  a  few. 
Looking  for  such  novel  applications  is  equally 
fascinating  as  zeolite  catalysis,  but  no  doubt  beyond 
the  scope  of  this  contribution. 
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Abstract 

Activation  and  concentration  polarization  effects  in  anode- supported  solid  oxide  fuel  cells  (SOFC)  were  examined.  The 
anode  and  the  cathode  consisted  respectively  of  porous,  composite,  contiguous  mixtures  of  Ni  +  yttria-stabilized  zirconia 
(YSZ)  and  Sr-doped  LaMn03  (LSM)  +  YSZ.  The  composite  electrode  provides  parallel  paths  for  oxygen  ions  (through 
YSZ),  electrons  (through  the  electronic  conductor;  Ni  for  the  anode  and  LSM  for  the  cathode),  and  gaseous  species  (through 
the  pores)  and  thereby  substantially  decreases  the  activation  polarization.  The  composite  electrode  effectively  spreads  the 
charge  transfer  reaction  from  the  electrolyte /electrode  interface  into  the  electrode.  At  low  current  densities  where  the 
activation  polarization  can  be  approximated  as  being  ohmic,  an  effective  charge  transfer  resistance,  ,  is  defined  in  terms 
of  various  parameters,  including  the  intrinsic  charge  transfer  resistance,  which  is  a  characteristic  of  the  electrocatalyst/ 
electrolyte  pair  (e.g,  LSM/YSZ),  and  the  electrode  thickness.  It  is  shown  that  the  attains  an  asymptotic  value  at  large 
electrode  thicknesses.  The  limiting  value  of  can  be  either  lower  or  higher  than  R^^  depending  upon  the  magnitudes  of  the 
ionic  conductivity,  a;.,  of  the  composite  electrode,  the  intrinsic  charge  transfer  resistance,  R^^,  and  the  grain  size  of  the 
electrode.  For  an  R^^  of  1.2  ftcm^,  o■^  of  0.02  S/cm  and  an  electrode  grain  size  of  2  luim,  the  limiting  value  of  is  0.14 
Ucm^  indicating  almost  an  order  of  magnitude  decrease  in  activation  polarization.  The  experimental  measurements  on  the 
cell  resistance  of  anode-supported  cells  as  a  function  of  the  cathode  thickness  are  in  accord  with  the  theoretical  model.  The 
concentration  polarization  is  analyzed  by  taking  into  account  gas  transport  through  porous  electrodes.  It  is  shown  that  the 
voltage,  V,  vs.  current  density,  U  traces  should  be  nonlinear  and  in  anode-supported  cells,  the  initial  concave  up  curvature 
(d^V/d/^  ^0)  has  its  origin  in  both  activation  and  concentration  polarizations.  The  experimental  results  are  consistent  with 
the  theoretical  model.  ©  2000  Elsevier  Science  BV.  All  rights  reserved. 
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1.  Introduction 

Solid  state  devices  such  as  solid  oxide  fuel  cells 
(SOFC)  consist  of  a  cathode,  an  electrolyte,  and  an 
anode.  Two  basic  designs  have  been  explored  in  the 
development  of  the  SOFC;  the  electrolyte-supported 
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and  the  electrode- supported  [1].  In  the  former,  the 
electrolyte  is  the  thickest  component  and  is  effective¬ 
ly  the  support  structure.  In  electrolyte- supported 
cells,  the  thickness  of  the  electrolyte,  typically  YSZ, 
is  >150  |ULm  with  thin  electrodes  screen-printed  on  it 
[2,3].  In  the  latter,  one  of  the  two  electrodes,  either 
the  cathode  or  the  anode,  is  the  thickest  component 
and  the  support  structure. 

In  electrolyte-supported  cells  the  ohmic  contribu¬ 
tion  is  large  due  to  high  electrolyte  resistivity.  For 
this  reason,  such  cells  are  being  developed  for 
operation  at  ~1000°C  where  the  electrolyte  resistiv¬ 
ity  is  low,  typically  ~20  Hem.  In  cathode-supported 
cells,  a  30-40  |ULm  layer  of  YSZ  is  deposited  on  a 
porous  LSM  cathode  of  ~2  mm  thickness  [4]. 
Similarly,  in  anode-supported  cells,  a  YSZ  layer  of 
10-20  |xm  thickness  is  deposited  on  a  relatively 
thick  Ni  +  YSZ  anode  [1,5]. 

The  overall  performance  of  such  devices  is  dic¬ 
tated  by  various  polarizations;  namely  ohmic,  activa¬ 
tion,  and  concentration.  The  main  contribution  to  the 
ohmic  polarization  is  due  to  the  electrolyte.  A  high 
ionic  conductivity  and  a  small  electrolyte  thickness 
are  the  desired  characteristics  of  the  solid  electrolyte 
to  minimize  the  ohmic  contribution.  Although  vari¬ 
ous  solid  electrolytes  with  high  ionic  conductivities 
at  moderate  temperatures  have  been  explored,  yttria- 
stabilized  zirconia  (YSZ)  is  by  far  the  most  widely 
used  solid  electrolyte  due  to  its  excellent  stability  in 
both  reducing  and  oxidizing  environments,  even 
though  its  conductivity  is  lower  (resistivity  is  higher) 
than  other  materials  such  as  ceria  and  Sr-  and  Mg- 
doped  LaGa03  (LSGM).  In  electrolyte-supported 
cells,  the  typical  YSZ  membrane  thickness  is  150 
|ULm.  At  800°C,  the  resistivity  of  YSZ  is  about  50 
flcm  which  translates  into  an  area  specific  resistance 
(electrolyte  contribution)  of  about  0.75  flcm^.  This 
value  is  very  high  with  the  result  that  the  power 
density  is  rather  low  at  temperatures  below  about 
950°C,  However,  in  electrode-supported  cells,  the 
YSZ  electrolyte  thickness  need  only  be  about  10  juim. 
With  a  10  |ULm  thick  YSZ  film  as  the  electrolyte,  the 
area  specific  resistance  of  the  electrolyte  is  only 
about  0.05  Hcm^  at  800°C  thus  making  an  efficient 
operation  of  an  SOFC  at  such  a  low  temperature  in 
principle  possible.  However,  it  is  usually  observed 
that  despite  a  low  ohmic  contribution,  the  area 


specific  resistance  of  the  cell  as  a  whole  may  be 
several  times  larger.  The  reason  is  that  activation  and 
concentration  polarizations  can  often  outweigh  the 
ohmic  contribution.  Thus,  the  minimization  of  the 
overall  area  specific  resistance  of  cells  requires  an 
optimization  of  parameters  which  govern  the  activa¬ 
tion  and  concentration  polarization  effects. 

Activation  polarization  is  related  to  charge  transfer 
processes  and  thus  depends  upon  the  nature  of 
electrode-electrolyte  interfaces.  In  composite  elec¬ 
trodes  comprising  a  mixture  of  an  ionic  conductor 
and  an  electronic  conductor,  or  in  a  single  phase 
mixed  ionic  electronically  conducting  (MIEC)  elec¬ 
trode,  the  process  of  charge  transfer  is  expected  to 
occur  over  some  distance  from  the  electrolyte /elec¬ 
trode  interface  into  the  electrode.  That  is,  effectively 
the  interface  is  diffuse  insofar  as  the  region  over 
which  charge  transfer  occurs.  Concentration  polari¬ 
zation  is  related  to  the  transport  of  gaseous  species 
through  porous  electrodes,  and  thus  is  related  to  the 
microstructure  of  the  electrodes;  specifically  the 
volume  percent  porosity,  the  pore  size,  and  the 
tortuosity  factor.  It  is  thus  clear  that  a  reduction  in 
the  overall  area  specific  resistance  of  cells  and  a 
concomitant  improvement  in  cell  performance  can  be 
achieved  only  through  a  reduction  in  these  two 
polarization  effects.  Indeed,  recent  work  has  shown 
that  an  area  specific  resistance  less  than  0.15  Hcm^ 
can  be  realized  in  anode-supported  cells  at  800°C 
with  a  maximum  power  density  in  excess  of  1.8 
fl/cm^  [6].  This  was  achieved  by  minimizing  both 
activation  and  concentration  polarizations.  Effective¬ 
ly,  the  microstructures  of  the  electrodes  and  the 
electrolyte /electrode  interfaces  were  tailored  to  mini¬ 
mize  these  polarization  effects.  In  this  paper,  these 
two  polarization  effects  are  examined  in  light  of 
anode-supported  SOFCs. 

2.  Activation  polarization 

The  role  of  composite  electrodes,  comprising  a 
mixture  of  a  solid  electrolyte  and  an  electronic 
conductor,  or  a  mixed  ionic-electronically  conduct¬ 
ing  (MIEC)  material,  on  electrode  kinetics  has  been 
examined  by  a  number  of  researchers  [7-11].  The 
rationale  for  the  use  of  a  composite  or  an  MIEC 
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electrode  is  that  it  allows  a  spreading  of  the  reaction 
zone  from  the  electrolyte /electrode  interface  into  the 
electrode.  That  is,  effectively  it  results  in  a  sort  of  a 
diffuse  electrolyte /electrode  interface  wherein  the 
charge  transfer  reaction  occurs.  Even  though  it  has 
been  proposed  by  some  that  in  a  mixed  conducting 
material  as  an  electrode  the  charge  transfer  reaction 
can  occur  over  the  entire  surface,  it  is  generally 
thought  to  occur  at  electrolyte-electrocatalyst-gas 
three  phase  boundaries  (TPB),  which  are  also  high 
energy  sites.  In  a  single  phase  MIEC  electrode,  the 
charge  transfer  may  predominantly  occur  at  high 
energy  sites  such  as  grain  boundaries  and  defects  in 
the  MIEC  at  the  MIEC /gas  phase  interface.  Tanner 
et  al.  [11]  examined  charge  transfer  reactions  in  a 
composite  electrode.  For  the  case  of  SOFC,  for 
example,  the  analysis  is  applicable  to  Ni  +  YSZ 
anode  and  to  LSM+YSZ  cathode.  It  is  known  that 
the  electrode  overpotential  at  a  Ni  +  YSZ  electrode  is 
usually  negligible  and  much  of  the  activation  polari¬ 
zation  can  be  attributed  to  the  cathode.  In  this 
context,  the  following  discussion  is  particularly 
applicable  to  Sr-doped  LaMn03  (LSM)  +  YSZ 
cathode.  The  electrocatalytic  properties  of  LSM  over 
YSZ  can  in  principle  be  described  in  terms  of  a 
phenomenological  model  such  as  the  Butler-Volmer 
equation  which  relates  the  current  density,  i,  to  the 
activation  overpotential,  by 

.  .  /  ( a2^’7ac.'\  -  (1  -  a)z^77act^  \ 

'  =  - Rf - )  1 

(1) 

where  ^  is  the  exchange  current  density,  a  is  the 
transfer  coefficient,  z  is  the  number  of  electrons 
participating  in  the  electrode  reaction,  F  is  the 
Faraday  constant,  R  is  the  gas  constant,  and  T  is  the 
temperature.  In  the  low  current  density  regime. 


RT 
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where  R^^  given  by 


R. 


RT 

ZFK 


(3) 


is  the  intrinsic  charge  transfer  resistance  in  flcm^.  It 
is  a  function  of  the  electrochemical  properties  of  the 
electrocatalyst /electrolyte  pair  (LSM/ YSZ  here), 
and  also  a  function  of  the  TPB  line  length.  Thus,  it  is 
a  function  of  the  particle  size  of  LSM  and  the 
amount  of  LSM  per  unit  area  of  YSZ.  In  what 
follows,  R^^  will  be  treated  as  an  empirical  parame¬ 
ter,  determined  experimentally  for  a  given  electro¬ 
catalyst/electrolyte  pair.  In  composite  electrodes 
comprising  a  mixture  of  LSM+YSZ  for  instance, 
the  reaction  zone,  that  is  the  region  over  which  the 
process  of  charge  transfer  occurs,  is  spread  out  from 
the  electrolyte /electrode  interface  into  the  electrode. 
In  such  a  case,  it  is  expected  that  the  activation 
overpotential,  77^^^  may  be  lower  than  that  given  by 
Eq.  (2).  Tanner  et  al.  [11]  defined  an  effective  charge 
transfer  resistance,  ,  given  by 


(4) 

Using  this  as  a  parameter  for  the  design  of  composite 
electrodes.  Tanner  et  al.  [11]  derived  an  expression 
for  terms  of  R^^  and  the  ionic  conductivity  of  the 
electrode,  cr,  which  describe  the  properties  of  the 
electrode /electrolyte  interface  and  the  electrolyte, 
respectively,  and  microstructural  parameters  of  the 
electrode,  namely  the  grain  size  and  porosity.  This 
equation  is  given  by  [11] 


R 


eff 
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where 


X=\/a,B{l-VJR„  and 


yS 


(6) 


in  which  B  is  the  grain  size  of  the  electrolyte  in  the 
composite  electrode,  denotes  the  fractional  po¬ 
rosity,  and  h  is  the  electrode  thickness.  It  is  to  be 
emphasized  that  the  ionic  conductivity  of  the  elec¬ 
trode,  a;,  in  general  may  be  different  from  that  of  the 
dense  electrolyte  membrane.  For  example,  the  elec¬ 
trolyte  membrane  may  be  of  say  YSZ  but  the 
electrode  may  contain  doped  ceria.  The  analysis 
assumes  that  the  electronic  conductivity  of  the 
electrode  is  much  larger  than  the  ionic  conductivity, 
and  gas  transport  through  the  electrode  is  not  rate- 
limiting.  Eq.  (5)  shows  that  the  effective  charge 
transfer  resistance,  Rll^  approaches  as  ->  0,  and 
achieves  an  asymptotic  value  with  an  increasing 
electrode  thickness.  It  can  be  shown  that  as  /z— 
the  Rll^  is  given  by  [11] 


R 


cff 


BR,, 
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as  long  as  a;,  is  not  too  small.  As  cr  0,  the 
asymptotic  value  of  R^J  is  given  by 


peff  _  ^ 

^ct  y 

V 
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If  cr.  0,  it  means  that  only  the  three  phase  bound¬ 
ary  (TPB)  at  the  surface  of  the  electrocatalyst /dense 
electrolyte  membrane  (e.g.  LSM  and  the  dense  YSZ 
membrane)  contributes  to  the  charge  transfer  re¬ 
action;  hence  the  presence  of  1/  in  the  denominator 
of  Eq.  (8).  Eqs.  (6)  and  (7)  also  show  the  effect  of 
the  microstructural  dimension,  B,  which  is  essentially 
the  grain  size  of  YSZ  in  the  electrode.  As  an 
illustration,  let  us  choose  the  following  values:  R^^  = 
1.2  Hcm^,  a;  =  0.02  S/cm,  B  =  2  p.m,  and  =V,,= 
0.35.  Then,  the  estimated  value  of  the  effective 
charge  transfer  resistance  is  0.14  flcm^,  almost 
an  order  of  magnitude  decrease  in  the  charge  transfer 
resistance,  or  an  order  of  magnitude  increase  in  the 
effective  exchange  current  density,  This  shows 
the  profound  effect  of  composite,  mixed  conducting 
electrodes  on  electrode  kinetics. 

Eq.  (7)  shows  that  the  effect  of  composite  elec¬ 


trode  need  not  always  be  an  enhancement  in  elec¬ 
trode  kinetics.  Indeed,  Eq.  (7)  shows  that 


if 


B 


(T.(\ 


However, 


if 


B 

- >R 


That  is,  the  electrode  kinetics  could  actually  be 
suppressed  if  the  electrode  parameters  are  unfavor¬ 
able;  e.g.  too  coarse  a  microstructure  (large  B)  and/ 
or  too  low  an  ionic  conductivity,  a;,  of  the  elec¬ 
trolyte  material  in  the  electrode  (or  too  low  an  ionic 
conductivity  of  a  single  phase  MIEC  electrode).  As 
an  example,  a  suppression  of  the  electrode  kinetics 
would  occur  if  an  SOFC  anode  is  made  of  Ni  +  an 
inert  material,  such  as  a-alumina.  Since  a-alumina  is 
not  an  oxygen  ion  conductor,  us  esseniially 

zero.  In  such  a  case,  the  electrode^poia^-; lion  should 
actually  increase  when  using  such  a  composite 
electrode.  Fig.  1  shows  plots  of  vs.  log  h  (Eq. 
(5))  for  various  values  of  cTy  Note  that  the  can 
either  decrease  or  increase  depending  upon  the  value 
of  cr  for  given  values  of  B  and  V,,.  The 
experimental  results  of  Kenjo  et  al.  [7]  on  composite 
electrodes  showed  that  in  some  cases,  the  polariza¬ 
tion  resistance  decreased  with  an  increasing  electrode 
thickness,  while  in  other  cases  there  appeared  to  be 
no  effect  of  the  thickness.  These  observations  are  at 
variance  with  the  predictions  of  the  model  by  Kenjo 
et  al.  [7].  However,  their  results  are  entirely  con¬ 
sistent  with  the  model  presented  by  Tanner  et  al. 
[11]. 

Eq.  (5)  shows  the  dependence  of  on  h.  For 
values  of  h  greater  than  the  critical  value, 
achieves  an  asymptotic  value  given  by  Eq.  (7).  An 
experimental  verification  of  the  dependence  of  the 
asymptotic  value  of  on  electrode  thickness  was 
obtained  on  anode-supported  solid  oxide  fuel  cells 
with  a  varying  cathode  thickness.  The  anode  (Ni  + 
YSZ)  thickness  was  typically  1  mm  with  an  elec¬ 
trolyte  (YSZ)  thickness  of  ~20  p.m.  The  cathode 
thickness  was  varied  over  a  range  between  ~0  to 
~85  p-m.  The  cathode  was  prepared  by  first  forming 
a  porous  layer  of  YSZ  on  the  dense  YSZ  electrolyte 
layer,  and  then  infiltrating  an  aqueous  solution  of 
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h  (in  [im) 

0.01  0.1  1.0  10.0  100.0  1000.0 


Log(h) 

Fig.  1.  Theoretically  calculated  values  of  the  effective  charge 
transfer  resistance,  /?^f  ^ior  an  intrinsic  charge  transfer  resistance, 
of  1.2  for  several  values  of  the  ionic  conductivity,  ct;., 
of  the  ccm^^t’siteelectfdde.  At  high  values  of  cr.,  the  decreases 
with  an  increasing  electrode  thickness,  h,  and  achieves  a  limiting 
value.  However,  it  is  seen  that  for  low  values  of  o;.,  the 
actually  increases  with  the  electrode  thickness,  h.  That  is,  under 
such  conditions,  the  composite  electrode  may  actually  suppress 
electrode  kinetics  (enhance  electrode  polarization). 


La-nitrate,  Sr-nitrate,  and  Mn-nitrate.  After  salt 
infiltration,  the  cells  were  heated  to  1000°C  to 
decompose  the  salts  and  form  LSM.  The  voltage,  V, 
vs.  current  density,  z,  performance  curves  were 
measured  at  800°C  with  humidified  hydrogen  as  the 
fuel  and  air  as  the  oxidant.  Fig.  2  shows  the  voltage 
vs.  current  density  polarization  curves  for  a  number 
of  cells  for  different  cathode  thicknesses.  It  is  clearly 
seen  that  the  performance  increases  with  an  increas¬ 
ing  cathode  thickness  up  to  ~45  pum.  For  the  cell 
with  a  cathode  thickness  of  ~85  pim,  the  perform¬ 
ance  is  somewhat  lower  than  for  the  cell  with  a  ~45 
pim  cathode.  This  is  attributed  to  three  possible 
reasons:  (a)  The  method  of  deposition  of  the  porous 
YSZ  layer  of  the  cathode  was  not  optimized  which 
led  to  a  highly  tortuous  path  for  the  transport  of 
gaseous  species.  This  presumably  led  to  a  significant 
concentration  polarization,  especially  at  larger 
cathode  thicknesses,  (b)  In  this  nonoptimized  method 
for  the  preparation  of  the  cathode  layer,  some 
cracking  of  the  layer  with  cracks  parallel  to  the 
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Fig.  2.  The  experimentally  measured  voltage,  V,  vs,  current 
density,  i,  traces  for  anode-supported  cells  with  varying  cathode 
thicknesses.  Note  that,  in  general,  the  performance  increases  with 
an  increase  in  cathode  thickness. 


electrolyte /cathode  interface  is  possible.  This  may 
have  led  to  some  increase  in  the  resistance,  (c)  The 
method  of  introducing  the  salt  solutions  was  not 
optimized  which  may  have  led  to  a  nonuniform 
distribution  of  the  subsequent  LSM  formed  after 
calcination.  It  is  nevertheless  clear  that  the  cell 
performance  indeed  increases  with  an  increasing 
cathode  thickness.  From  the  near  linear  regions  of 
the  voltage  vs.  current  density  traces,  the  cell  resist¬ 
ance  was  measured.  From  this,  the  electrolyte  area 
specific  resistance,  calculated  using  independent¬ 
ly  measured  cr.  and  the  electrolyte  thickness,  was 
subtracted.  Neglecting  concentration  polarization, 
this  gives  an  approximate  estimate  of  the  effective 
charge  transfer  resistance,  Fig.  3  shows  the 
estimated  (experimental)  vs.  the  cathode  thick¬ 
ness  (on  a  log  scale).  Also  shown  is  a  plot  of 
calculated  using  Eq.  (5)  with  R^^  =  l.2  flcm^,  a;.= 
0.02  S/cm,  5  =  5  |xm,  and  1/ =0.3.  Note  that  the 
agreement  between  the  experimental  data  and  the 
model  is  good. 

The  preceding  discussion  assumes  the  activation 
polarization  to  be  ohmic;  i.e.  being  linearly 
proportional  to  the  current  density,  i,  which  is 
applicable  for  current  densities  less  than  the  ex¬ 
change  current  density,  /^.  The  composite  electrode 
thus  increases  the  exchange  current  density,  which 
may  be  termed  the  effective  exchange  current  den- 
sity>  given  by 
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Fig.  3.  A  plot  of  vs.  cathode  thickness,  h  (log  scale), 
calculated  using  7?^.,  =  1.2  ^cm^  cr.  =  0.02  S/cm,  and  the  grain 
size  of  YSZ  in  the  cathode  =5  p.m.  Also  plotted  are  the 
experimentally  estimated  (approximate,  because  the  V  vs.  i  traces 
are  nonlinear)  Rl\^  from  the  data  in  Fig.  2.  The  data  point 
corresponding  to  zero  cathode  thickness  is  that  corresponding  to 
the  LSM  paste  directly  applied  on  the  dense  YSZ  layer,  without  a 
porous  YSZ  layer.  Since  the  data  point  corresponding  to  zero 
cathode  thickness  actually  represents  that  for  a  small  but  a 
nonzero  thickness,  and  that  zero  thickness  can  not  be  shown  on  a 
log  scale,  this  data  point  is  shown  at  /i  =  1  p.m. 
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However,  at  large  current  densities,  either  the  Bu¬ 
tler- Volmer  or  the  Tafel  equation  will  be  applicable. 
Preliminary  calculations  have  shown  that  the  compo¬ 
site  electrode  can  be  effective  in  decreasing  the 
in  a  similar  manner,  although  an  explicit  analytical 
form  is  not  available.  In  the  Tafel  limit,  the  may 
be  given  by 

ri.^^^^a3-b\ni  (10) 

where  the  parameters  a  and  b  are  influenced  by  the 
electrode  microstructure  and  the  thickness.  In  what 
follows,  it  will  be  assumed  that  the  activation 
polarization  is  adequately  described  by  the  Tafel 
equation  and  it  will  be  incorporated  into  the  analysis 


of  the  voltage  vs.  current  density  traces  of  cells. 
Thus,  it  is  tacitly  assumed  that  the  composite  elec¬ 
trode  modifies  a  and  b  such  that  is  much  larger 
than 


3.  Concentration  polarization 

Fig.  4  shows  schematics  of  cathode-supported  and 
anode-supported  cells.  In  the  former,  the  cathode  is 
the  thickest  component  of  the  cell  and  in  the  latter 
the  anode  is  the  thickest  component.  Fig.  4  also 
shows  schematic  variations  of  the  partial  pressures  of 
the  various  gaseous  species.  The  analysis  of  con¬ 
centration  polarization  thus  should  begin  with  the 
analysis  of  the  transport  of  gases  through  porous 
electrodes.  In  the  anode,  the  principal  gaseous 
species  are  H2  and  H2O,  and  in  the  cathode  they  are 
O2  and  N2.  The  basic  equations  describing  an 
isothermal  transport  of  gaseous  species  through 
porous  electrodes  for  a  mixture  of  two  gases,  A  and 
B,  are  given  by  [12,13] 


7,  =  -  +  X,,S^J  -  (11) 

7b  ~  ~  "1"  ^  (12) 

where 


(a)  Anode -Supported  Cell  (b)  Cathode-Supported  Cell 


Fig.  4.  Schematics  showing  the  variation  of  partial  pressures  of 
hydrogen,  and  water  vapor,  Ph.o’  through  the  anode,  and 
oxygen,  through  the  cathode  of:  (a)  an  anode-supported  cell, 
and  (b)  a  cathode-supported  cell. 
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In  Eqs.  (11)  and  (12),  the  fluxes  of  A  and  B  are 
given  by  and  7^,  respectively,  i)AB(eff)  1®  1^^ 
effective  binary  diffusivity  (taking  into  account  the 
porosity  and  the  tortuosity  factor),  Z^AKCeff)  ^  ^BK(eff) 
are  the  effective  Knudsen  diffusivities,  &  Wg  are 
the  concentrations  of  A  &  B  (#/cm^),  respectively, 
n  =  («A  +  «b)’  ^A  ^B  mole  fractions,  is 

the  permeability  through  the  porous  electrode,  fx  is 
the  viscosity,  p  is  the  total  pressure,  and  J  is  the 
total  flux.  The  effective  diffusivities  are  given  by  the 
intrinsic  diffusivities  multiplied  by  the  porosity,  1/ , 
and  divided  by  the  tortuosity  factor,  r  [12-14].  The 
parameters  5a  &  8^,  and  7a  ^  Tb  defined 

above.  Eqs.  (11)  and  (12)  include  two  flux  contribu¬ 
tions;  a  diffusive  flux  and  a  viscous  flux.  The 
diffusive  contribution  consists  of  two  terms;  a  free 
molecule  or  Knudsen  flow  (the  terms  containing 
l^AK(eff)  ^  ^BK(eff))»  ^  coufinuum  part  (the  terms 
containing  the  effective  binary  diffusivities).  The 
typical  total  pressure  on  the  anodic  and  the  cathodic 
sides  is  on  the  order  of  1  atm  or  greater,  and  the 
typical  pore  size  is  >  1  p-m.  Thus,  in  general  it  may 
be  assumed  that  Z)AK(eff)  ^  ^BK(eff)  ^  ^AB(eff)* 
Thus,  it  will  be  assumed  that  can  be 

replaced  by  Z^ABceff)  That  is,  at  high  pressures, 
such  as  those  of  interest  here,  both  Da  &  Dg 
approach  D^B(eff)’  effective  binary  diffusion 
coefficient,  and  5^  &  8^-^  I,  and  7a  &  7b  —>0.  For 
the  cathode,  the  Dab  is  the  binary  diffusion  coeffi¬ 
cient  for  a  mixture  of  oxygen,  O2,  and  nitrogen,  N2. 
For  the  anode,  the  binary  diffusion  coefficient  is  that 
for  H2  and  H2O.  At  room  temperature,  Dq  ~ 
0.22  cmVs  and  Oh,-Hjo“0-91  cm^/s  [13]/lf  the 
fuel  also  contains  CO  and  CO  2,  then  their  transport 


must  also  be  accounted  for.  The  dependence  of 
diffusion  coefficient  on  temperature  is  not  very 
strong  and  to  a  first  approximation  it  may  be 
modified  using  the  kinetic  theory  of  gases.  This 
suggests  that  for  comparable  porosities  and  electrode 
thicknesses,  the  concentration  polarization  effects  in 
general  should  be  less  on  the  anode  side. 

If  the  electrode  porosity  and  microstructure  are 
functions  of  position,  and/or  Dg^^^f^  is  composition- 
dependent,  the  variation  of  partial  pressures  of  the 
various  species  with  position  will  not  be  linear.  For 
this  reason,  the  schematics  given  in  Fig.  4  show 
nonlinear  variations  of  partial  pressures. 

In  a  steady  state,  the  equality 

I7H2I  “  bH2ol  “  ^IZ02l  ~  2F 

must  hold,  where  7^^^,  and  are  respectively 
the  fluxes  of  hydrogen  through  the  porous  anode,  of 
water  vapor  through  the  porous  anode  and  of  oxygen 
through  the  porous  cathode,  and  A/a  is  the  Avogadro 
number.  The  flux  equations  were  solved  for  the 
steady  state,  subject  to  the  above  flux  equality 
requirement  [6].  By  incorporating  the  activation 
polarization  (using  the  Tafel  equation)  and  the  con¬ 
centration  polarization  (by  solving  the  flux  equations 
for  transport  through  porous  electrodes),  it  was 
shown  that  the  voltage  vs.  current  density  behavior 
can  be  adequately  described  by  [6] 


(15) 


where  is  the  open  circuit  voltage  (V),  R.  is  the 
area  specific  resistance  (ohmic)  of  the  cell  (Dcm^), 
77^2  is  the  partial  pressure  of  hydrogen  in  the  fuel 
(outside  of  the  anode),  is  the  partial  pressure  of 
water  vapor  in  the  fuel  (outside  of  the  anode),  is 
the  anode-limiting  current  density  (a  current  density 
at  which  the  partial  pressure  of  hydrogen  at  the 
anode /electrolyte  interface  is  nearly  zero).  Amp/ 
cm^,  and  is  the  cathode-limiting  current  density  (a 
current  density  at  which  the  partial  pressure  of 
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Fig.  5.  The  voltage,  V,  vs.  current  density,  i,  trace  for  an  improved  anode-supported  cell  tested  at  800°C  with  humidified  hydrogen  as  the 
fuel  and  air  as  the  oxidant.  The  anode  thickness  was  ~1.04  mm  and  the  electrolyte  (YSZ)  thickness  was  '^10  jxm.  The  symbols  are  the 
experimental  data  points  while  the  curve  is  the  best  fit  to  Eq.  (15).  The  parameters  corresponding  to  the  best  fit  are  given  in  Table  1. 


oxygen  at  the  cathode /electrolyte  interface  is  nearly 
zero),  Amp/cm^.  The  and  the  can  be  given  in 
terms  of  the  respective  electrode  thicknesses,  the 
respective  effective  binary  diffusivities  (which  in¬ 
clude  the  porosity  and  the  tortuosity  factors),  and 
and  respectively,  where  is  the  partial 

pressure  of  oxygen  in  the  oxidant  (0.21  atm  for  air  as 
the  oxidant)  [6]. 

The  data  given  in  Fig.  2  are  on  some  early  cells 
wherein  the  porous  YSZ  layer  for  the  prospective 
cathode  was  first  deposited  followed  by  the  intro¬ 
duction  of  an  aqueous  salt  solution  of  the  cathode 
precursor.  The  micro  structure  in  such  cathodes  was 
however  rather  coarse.  Eq.  (7)  shows  that  the  grain 
size  of  the  YSZ  in  the  cathode  should  be  as  small  as 
possible.  Thus,  in  later  cells,  a  much  finer  cathode 
microstructure  was  developed.  Also,  in  these  cells, 
the  YSZ  electrolyte  was  typically  about  10  ixm  in 
thickness;  about  half  as  thick  as  in  cells  for  which 
the  performance  data  are  given  in  Fig.  2. 

Fig.  5  shows  a  plot  of  V  vs.  i  for  an  improved 
anode-supported  cell  tested  at  800°C  with  humidified 
hydrogen  as  the  fuel  and  air  as  the  oxidant.  The 
electrolyte  thickness  was  about  10  }xm  and  the  anode 
thickness  was  about  1  mm.  The  corresponding  power 
density  vs.  current  density  plot  is  shown  in  Fig.  6.  As 
seen  in  Fig.  6,  a  power  density  as  high  as  1.9  fl/cm^ 


was  measured.  Such  a  high  power  density  was 
achieved  by  minimizing  both  activation  and  con¬ 
centration  polarizations  through  an  optimization  of 
the  electrode  microstructure.  The  symbols  in  Fig.  5 
are  the  experimental  data  points  and  the  curve  is  the 
best  fit  to  Eq.  (15).  For  an  anode-supported  cell,  the 


Current  Density  (Amps/cm  2) 

Fig.  6.  The  power  density  vs.  current  density,  /,  trace  for  the  cell 
in  Fig.  5.  The  maximum  power  density  measured  is  ~1.9  n/cm“. 
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anode  thickness,  is  much  greater  than  the  cathode 
thickness,  with  the  result  that  Thus,  the 

term  containing  from  Eq.  (15)  can  be  neglected. 
Table  1  gives  the  parameters  corresponding  to  the 
best  fit  to  Eq.  (15),  as  well  as  some  of  the  ex¬ 
perimentally  measured  parameters.  The  effective 
exchange  current  density,  was  estimated  to  be 
-110  mA/cm^,  which  is  more  than  an  order  of 
magnitude  higher  than  that  corresponding  to  LSM  on 
YSZ  at  800°C.  The  electrolyte  area  specific  resist¬ 
ance,  /?j,  from  the  best  fit  was  estimated  to  be 
-0.046  Hcm^.  The  electrolyte  thickness  was  about 
10  ixm.  With  the  resistivity  of  YSZ  as  -50  Hem  at 
800°C,  the  estimated  value  of  is  about  -0.05 
fiem^,  in  good  agreement  with  the  value  obtained 
from  the  curve  fit.  Finally,  the  estimated  value  of  the 
effective  binary  diffusivity  on  the  anode  side, 
is  about  0.31  cm^/s  This  value  is  reasonable  when 
the  porosity  and  the  tortuosity  factor  are  taken  into 
account. 

The  theoretical  analysis  predicts  that  the  initial 
concave-up  curvature  (d^V/d/^  >0)  in  V  vs.  i  traces 
in  anode-supported  cells  is  due  to  two  reasons  [6]: 
(a)  An  activation  polarization  that  is  nonohmic  (e.g. 
Tafel).  (b)  A  concentration  polarization  that  is 

Table  1 


Experimentally  measured  and  curve-fitted  parameters  for  the 
voltage  vs.  current  density  trace  shown  in  Fig.  5 


Parameter 

Parameter 

Measured 

From  the  curve 

(description) 

(symbol) 

fit  to  the  V  vs.  i 

Anode  thickness 

1.04  mm 

Tafel  coefficient 

a 

0.115 

Tafel  coefficient 

b 

0.0552 

Effective  exchange 
Current  density 

^o(eff) 

110  mA/cm" 

Cell  area 

Specific 

Resistance 

R. 

0.046  fiem" 

(Ohmic) 

Short  circuit 

K 

6.35  A/cm" 

Current  density 
Anode  limited 

Short  circuit 

4s 

6.35  A/cm" 

Current  density 
Anode  effective 
Binary  diffusion 
Coefficient 
Maximum  power 
Density 

1.9  W/cm" 

0.31  cm"/s 

associated  with  too  low  a  partial  pressure  of  water 
vapor,  embodied  in  the  last  term  of  Eq.  (15).  By 
contrast,  any  initial  concave-up  curvature  (d^V/d/^  > 
0)  in  cathode-supported  cells  must  entirely  be  due  to 
a  nonohmic  activation  polarization.  The  analytical 
form  of  the  effect  of  concentration  polarization  in 
cathode-supported  cells  is  such  as  to  impart  a 
convex-up  curvature  (dV/d/^<0)  over  the  entire 
range  of  current  densities  [6].  Thus,  if  the  activation 
polarization  is  ohmic,  the  curvature  of  V  vs.  i  in 
cathode-supported  cells  must  be  convex-up  (d"V/ 
d/^<0)  over  the  entire  range  of  current  densities. 
Indeed,  this  has  been  observed  in  cathode-supported 
cells  at  1000°C.  In  anode- supported  cells,  however, 
the  initial  curvature  is  expected  to  be  concave-up 
(d^V/d/^>0)  even  when  the  activation  polarization 
is  ohmic. 


4,  Summary 

The  present  work  has  shown  that  the  principal 
losses  in  SOFC  are  attributed  to  activation  and 
concentration  polarizations,  especially  when  the  elec¬ 
trolyte  is  a  thin  film  supported  on  an  electrode. 
Power  densities  as  high  as  1.9  H/cm“  at  800°C  were 
obtained  with  a  thin  film  (-10  |xm)  of  YSZ  de¬ 
posited  on  a  relatively  thick  (1  mm),  porous  Ni  + 
YSZ  anode.  The  activation  polarization  on  the 
cathode  side  can  be  substantially  decreased  by  using 
a  composite  electrode  comprising  a  mixture  of  an 
electrocatalyst,  such  as  LSM,  and  an  oxygen  ion 
conductor,  such  as  YSZ.  The  theoretical  analysis 
predicts  that  activation  polarization,  as  defined  in 
terms  of  an  effective  charge  transfer  resistance,  , 
can  decrease  or  increase  with  an  increasing  cathode 
thickness  and  attain  a  limiting  value.  For  the  set  of 
parameters  applicable  to  LSM  as  the  electrocatalyst 
and  YSZ  as  the  oxygen  ion  conductor,  the  ex¬ 
perimental  results  show  that  decreases  with  an 
increase  in  the  cathode  thickness.  Thus,  a  composite 
electrode  of  LSM  +  YSZ  is  very  effective  in  lowering 
the  activation  polarization.  It  is  known  that  activation 
polarization  at  the  Ni  + YSZ  anode  is  generally  much 
smaller  than  at  the  cathode.  This  suggests  that  at 
the  Ni  +  YSZ  anode  must  be  very  small  and  that  a 
composite  electrode  of  Ni  +  YSZ  is  very  effective  in 
lowering  the  activation  polarization  at  the  anode.  The 
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analysis  of  gas  transport  through  a  relatively  thick 
anode  shows  that  the  V  vs.  i  traces  are  expected  to  be 
nonlinear,  in  accord  with  the  experimental  results. 
Further,  the  analysis  also  shows  that  the  initial 
concave-up  curvature  (d“V/di^>0)  in  anode-sup¬ 
ported  cells  has  its  origin  in  both  activation  as  well 
as  concentration  polarizations.  The  present  results 
show  that  the  polarization  effects  in  SOFC  can  be 
minimized  through  a  microstructural  optimization  of 
the  electrodes.  As  far  as  the  activation  polarization  is 
concerned,  the  use  of  composite  electrodes  spreads 
the  reaction  zone  from  the  electrolyte /electrode 
interface  some  distance  into  the  electrode.  In  this 
sense,  the  electrolyte /electrode  interface  is  a  func¬ 
tionally  diffuse  interface. 
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Abstract 

Oxygen  isotope  was  used  to  investigate  the  active  electrochemical  reaction  site  on  a  solid  oxide  electrolyte.  The  isotope 
exchange  reaction  was  performed  under  current  flow,  and  the  distribution  of  the  incorporated  isotope  was  analyzed  by  a 
secondary  ion  mass  spectrometer.  The  results  were  compared  with  calculations  using  a  simple  model.  The  lateral  resolution 
of  the  present  method  was  estimated  to  be  around  1  pim.  The  quenching  process  and  the  imaging  resolution  should  be 
improved  to  investigate  further  details.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Electrochemical  reaction  site;  '^0/''^0;  Isotope  exchange;  SIMS 

Materials:  Platinum;  Yttria  stabilized  zirconia;  Oxygen 


1.  Introduction 

Kinetics  of  electrochemical  reactions  on  a  solid 
oxide  electrolyte  have  been  widely  investigated  by 
many  researchers  not  only  from  scientific  interest  but 
also  from  technological  requirements.  The  improve¬ 
ment  of  the  electrodes  can  often  be  a  key  technology 
in  a  practical  application  such  as  gas  sensors,  solid 
oxide  fuel  cells,  or  oxygen  separation  membranes. 
Although  much  effort  has  been  made  to  understand 
the  electrode  reaction  process,  there  still  remain 
many  unsolved  problems.  Among  them,  one  of  the 
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most  essential  question  is  “where  in  the  electrode 
does  the  electrochemical  reaction  take  place?”.  In  a 
gas /porous  electrode /oxide  electrolyte  system,  the 
most  preferable  electrochemical  reaction  site  is  un¬ 
doubtedly  a  triple  phase  boundary  (TPB)  of  elec¬ 
trode/electrolyte/gas,  where  electron,  oxide  ion  and 
the  gaseous  species  meet  together  [1].  In  some  cases, 
however,  the  active  reaction  area  extends  to  the 
electrode  surface,  to  the  free  electrolyte  surface  or  to 
the  electrode /electrolyte  two  phase  boundaries. 
Since  the  extension  of  the  reaction  site  is  related  to 
the  kinetic  parameters,  misunderstanding  will  lead  to 
a  wrong  interpretation  of  the  experimental  data  as 
pointed  out  by  several  authors  [2-4].  The  knowledge 
of  the  active  reaction  site  is  thus  essential  for  the 
basic  kinetic  analysis  of  the  experimental  data. 
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Similarly,  in  designing  a  practical  electrode,  knowl¬ 
edge  on  both  microscopic  and  macroscopic  current 
distribution  is  necessary.  The  microscopic  distribu¬ 
tion  is  related  to  the  reaction  kinetics  as  mentioned 
above  and  is  important  for  the  design  of  the  electrode 
material  and  microstructure.  The  macroscopic  cur¬ 
rent  distribution  is  important  in  improvement  of 
current  collection.  The  both  will  seriously  affect  the 
electrode  performance. 

Regardless  of  the  importance,  an  experimental 
technique  has  never  been  developed  for  getting  direct 
information  on  the  electrode  reaction  site.  So  far,  the 
research  works  have  been  performed  only  with 
indirect  experiments,  e.g.  measurement  of  I-V  curve 
or  ac  impedance  responses  as  a  function  of  the 
electrode  morphology.  One  of  the  ideas  to  get  direct 
information  on  the  reaction  site  is  to  observe  the 
trace  of  the  oxide  ion  migration  in  the  electrolyte. 
This  may  be  possible  by  using  an  oxygen  isotope, 
‘^02,  and  secondary  ion  mass  spectrometer  (SIMS) 
with  imaging  capability.  The  similar  technique  has 
been  successfully  applied  in  the  investigation  of 
diffusion  coefficients  or  fast  diffusion  paths  in 
ceramics  [5-7]  or  preferable  oxidation  sites  in 
metals. 

The  authors  have  been  trying  to  develop  an 
experimental  technique  to  visualize  the  active  re¬ 
action  site  on  a  solid  oxide  electrolyte  with  a  porous 
platinum  electrode  [8]  and  with  a  patterned 
(La,Sr)MN03  electrode  [9].  In  this  paper,  the  ex¬ 
perimental  procedure  for  the  isotope  imaging  is 
reported  in  detail.  A  numerical  calculation  is  per¬ 
formed  to  evaluate  the  preferable  experimental  con¬ 
dition  for  the  active  site  imaging.  The  experimental 
result  with  a  porous  Pt  electrode  will  be  compared 
with  the  calculation.  The  merit  and  the  limitation  of 
this  method  will  be  discussed. 


2.  The  method  for  imaging  the  active  site 

2.1.  Experimental  procedure 

Fig.  1  outlines  the  experimental  procedure  for 
determining  the  active  reaction  site  on  a  solid  oxide 
electrolyte.  The  sample  is  first  equilibrated  in  a 
certain  atmosphere,  and  then  exposed  to  en¬ 
riched  gas  of  the  same  oxygen  potential.  After  a 


sample 
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<;;^^urrent  ON 
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isotope  exchange 

> 

< 

[^urrent  OFF 
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Fig.  1.  Schematic  diagram  of  the  experimental  procedure  for 
imaging  electrochemical  active  sites  on  a  solid  oxide  electrolyte. 


period  the  sample  is  quenched  and  the  isotope 
distribution  is  measured  by  SIMS.  This  sequence  is 
quite  similar  to  that  used  for  determining  oxygen 
isotope  diffusion  coefficient  [7].  The  only  difference 
is  that  the  sample  has  electrodes  and  oxide  ionic 
current  is  flowing  during  the  equilibration  and  the 
isotope  exchange  processes.  If  the  cathodic  current  is 
applied  to  the  electrode,  the  isotope  enriched  oxygen 
will  be  incorporated  from  the  active  electrochemical 
reaction  site,  and  the  resulting  isotope  distribution  in 
the  quenched  sample  will  give  information  on  the 
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active  reaction  site.  In  principle,  the  anodic  reaction 
can  also  be  imaged  by  comparing  the  isotope  profiles 
with  and  without  electrical  current.  For  such  an 
analysis,  however,  a  well  defined  electrode  and 
highly  reproducible  experiments  are  required,  which 
are  technologically  difficult  in  our  present  equip¬ 
ment.  In  this  report,  only  cathodic  reaction  is  consid¬ 
ered. 

2.2.  Required  conditions 

The  isotope  mapping  of  the  active  reaction  site  is 
not  always  possible.  This  is  because  the  isotope 
exchange  reaction  takes  place  not  only  by  the 
electrochemical  oxygen  incorporation  at  the  active 
site  but  also  by  the  exchange  of  neutral  oxygen  on 
the  free  electrolyte  surface.  If  the  surface  exchange 
process  is  too  fast,  the  isotope  concentration  be¬ 
comes  high  at  the  surface  and  will  hide  the  trace  of 
the  electrochemically  incorporated  isotope.  The  sur¬ 
face  isotope  concentration  is  determined  by  the  ratio 
of  the  surface  reaction  rate  /:*  and  the  isotope 
diffusion  coefficient  D*.  When  is  much  larger 
than  Z)*,  the  isotope  concentration  on  the  sample 
surface  is  close  to  that  in  the  gas  phase.  In  such  a 
case,  the  electrochemical  incorporation  of  the  isotope 
is  not  detectable.  The  atmosphere,  temperature  and 
annealing  time  in  the  experiment  must  be  chosen  to 
accomplish  that  is  sufficiently  smaller  than  D*. 
The  other  requirement  is  fast  quenching.  Otherwise, 
the  isotope  distribution  pattern  will  diffuse  away  in 
the  quenching  procedure.  In  case  of  YSZ  electrolyte, 
oxygen  isotope  diffuses  several  microns  if  it  is  kept 
for  10  s  at  1000  K.  Thus,  the  sample  temperature 
must  decrease  below  1000  K  in  less  than  a  second  to 
get  the  imaging  resolution  higher  than  1  p.m. 

2.3.  Numerical  calculation 

Numerical  calculations  were  performed  to  predict 
the  isotope  distribution  pattern  around  the  active 
reaction  site.  The  differential  equation  of  Pick’s 
second  law  was  solved  using  a  finite  element  method 
(‘MARC  K-6’,  Nippon  Marc  Co.).  A  simple  model 
of  a  stripe  shaped  electrode  was  defined  as  shown  in 
Fig.  2.  For  simplicity,  the  following  boundary  con¬ 
ditions  were  used: 


Fig.  2.  A  two  dimensional  electrode  model  to  simulate  the  isotope 
distribution  pattern.  The  working  electrode  is  stripe  shaped.  The 
calculation  was  done  for  the  unit  cycle  surrounded  by  the  square 
in  the  figure.  The  parameters  used  for  the  calculation  are  listed  in 
Table  1. 

1.  The  isotope  flux  is  zero  on  the  electrode /elec¬ 
trolyte  two  phase  boundary  except  for  the  electro¬ 
chemical  reaction  site. 

2.  The  active  electrochemical  reaction  site  has  a 
limited  width  around  the  TPB,  and  the  oxide  ion 
(isotope)  flux  is  homogeneous  inside  this  area. 

3.  Only  isotope  diffusion  is  considered  inside  the 
electrolyte.  Migration  of  the  oxide  ion  under  the 
electrical  field  is  neglected.  The  effect  of  the 
electrical  current  is  included  in  the  calculation  as 
the  increase  of  isotope  incorporation  flux  at  the 
active  reaction  site. 

4.  The  ionic  flux  density  at  the  reaction  site  was 
estimated  by  dividing  the  apparent  current  density 
by  the  total  TPB  length  in  unit  area. 
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5.  The  oxygen  isotope  diffusion  coefficient  in  the 
electrolyte  and  the  surface  exchange  coefficient 
on  the  free  electrolyte  surface  were  estimated 
from  a  separate  isotope  diffusion  experiment. 

6.  The  surface  exchange  rate  at  the  counter  electrode 
was  assumed  to  be  infinity. 

The  parameters  used  in  the  calculation  are  listed  in 

Table  1. 

Fig.  3  shows  the  calculated  isotope  concentration 


0  1  2  3  4  5 


x/pm 

(a) 


Table  1 

The  parameters  used  in  the  calculation  of  isotope  distribution 

Electrode  pattern  width  W  5  jxm 

Electrode  pattern  distance  L  5  fxm 

Active  reaction  site  width  d  0.0625  to  1  |xm 

Temperature  T  973  K 

Isotope  diffusion  coefficient  D*  5.7  X 10  ^  cm‘  s" ' 

Surface  exchange  coefficient  k*  3.0 X  10“*^  cm  s  ' 

Apparent  current  density  J  0.15-15  mA  cm  ‘ 


x/pm 


(b) 


Fig.  3.  Dependence  of  the  calculated  isotope  concentration  profile  on  reaction  time  (a)  and  ionic  current  density  (b).  The  parameters  in  the 
standard  condition  are  listed  in  Table  1. 
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active  reaction  site 


Fig.  4.  Dependence  of  calculated  isotope  distribution  on  the  active  site  width.  The  curves  are  isotope  concentration  profile  in  the  depth  of 
the  electrolyte  (a)  0  [xm  (b)  0.031  |xm,  (c)  0.063  fxm,  (d)  0.09375  inm,  (e)  0.125  jxm  and  (f)  0.15625  pm. 


profile  at  the  surface  of  the  electrolyte  as  functions  of 
(a)  the  reaction  time  and  (b)  the  ionic  current  density. 
The  active  reaction  site  is  assumed  to  extend  0.063 
|xm  from  TPB  into  the  electrode /electrolyte  two 
phase  boundary.  Since  the  diffusion  coefficient  is 
high,  the  incorporated  isotope  diffuses  quickly  into 
the  whole  surface  of  the  electrolyte.  In  the  vicinity  of 
TPB,  however,  the  peak  of  the  isotope  concentration 
remains  distinguishable  from  the  other  parts.  If  the 
peak  is  detected  by  the  SIMS  analysis,  the  infor¬ 
mation  on  the  reaction  site  will  be  obtained.  For 
getting  a  clearer  contrast,  shorter  reaction  time  and 
larger  current  density  are  preferred  in  principle  but 
with  small  difference. 

Fig.  4  compares  the  calculated  profiles  with  differ¬ 
ent  active  site  width.  The  curves  in  each  graph 
represent  the  equi-depth  isotope  concentration  profile 
in  the  electrolyte  which  corresponds  to  the  ex¬ 


perimental  data  obtained  by  successive  sputtering 
and  line  scanning  with  SIMS.  The  high  isotope 
concentration  site  is  observed  in  the  vicinity  of  the 
TPB  at  the  surface.  The  intensity  of  the  isotope  fades 
rapidly  with  depth  in  the  electrolyte.  The  peak  of  the 
isotope  concentration  is  higher  and  sharper  when  the 
active  reaction  site  is  narrower.  The  resolution  of  the 
measurement  depends  on  the  lateral  resolution  of  the 
SIMS  equipment.  It  depends  also  on  the  quenching 
rate  which  must  be  fast  enough  to  keep  the  original 
distribution  of  the  isotope. 

3.  Experimental  details 

3.1.  Sample  preparation 

Commercially  available  YSZ  powder  (Y2O3  8 
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mo\%  doped  TOSOH  TZ8Y)  was  used  for 

preparation  of  the  electrolyte.  The  powder  was 
pressed  into  a  pellet  and  sintered  at  1780  K  for  5  h. 
The  relative  density  was  higher  than  99%.  The  pellet 
was  cut  into  5  mmX5  mm  X  0.3  mm,  and  the 
surfaces  were  polished  with  diamond  paste  down  to 
1/4  micron. 

Two  platinum  electrodes  were  applied  to  both 
surfaces  of  the  sample  with  an  area  of  3  mm  X  3  mm 
as  a  working  and  a  counter  electrodes.  A  reference 
electrode  of  a  smaller  size  was  applied  at  the 
periphery  of  the  sample.  Each  electrode  was  applied 
by  painting  an  appropriate  amount  of  platinum  paste 
(Tanaka,  TR7905).  After  heating  at  1400  K  for  5  h, 
grain  growth  of  platinum  occurred  keeping  the  two 
dimensional  network.  The  optical  photograph  of  the 
surface  of  the  sample  is  shown  in  Fig.  5.  The 
platinum  grains  and  the  bare  surface  of  the  YSZ  are 


Fig.  5.  Optical  photograph  of  the  Pt/YSZ  surface.  Brighter  parts 
arc  the  platinum  electrode  particles. 


both  visible  from  the  surface.  The  line  between  those 
two  parts  corresponds  to  the  TPB. 

3.2.  Isotope  exchange 

Fig.  6  shows  the  isotope  exchange  apparatus.  The 
gas  circulation  chamber  consisted  of  two  parts.  The 
left  hand  side  in  Fig.  6  is  the  circulation  loop  for 
normal  oxygen  (natural  isotope  abundance),  and  the 
right  hand  side  is  for  enriched  (97%)  gas.  The 
oxygen  pressure  in  the  both  loops  are  adjusted  to  be 
same  by  using  a  pressure  gauge.  The  sample 
chamber  was  connected  to  the  circulation  loops  via  a 
six- way  valve  which  can  choose  one  of  the  gases  to 
flow  over  the  sample.  As  is  shown  in  Fig.  7,  three 
lead  wires  and  a  thermocouple  were  connected  to  the 
electrical  apparatus  through  the  top  part  of  the  cell. 
Separable  connectors  (‘Quick  connects’,  Swagelock 
Co.)  were  used  so  that  the  sample  chamber  was  able 
to  be  disconnected  after  isotope  exchange  operation. 
An  infra-red  furnace  was  used  for  heating  the 
sample.  Gas  flowed  from  the  inner  tube  through  the 
outer  tube. 

At  first,  the  sample  was  exposed  to  the  normal 
oxygen  gas  and  was  heated  up  to  a  certain  tempera¬ 
ture  (773-1173  K).  A  potentiostat  (TOHO  GIKEN 
2020)  was  used  to  supply  current  to  the  sample 
keeping  a  constant  voltage  between  the  working  and 
the  reference  electrodes.  After  a  steady  state  current 
was  reached,  the  gas  was  changed  abruptly  to  the 
enriched  one  by  the  six-way  valve.  After 
annealing  in  the  sample  chamber  was  dis¬ 

connected  from  the  gas  circulation  chamber.  At  the 
same  time,  the  sample  was  brought  out  of  the  focus 
of  the  infra-red  furnace,  and  immediately  cooled  by 
blowing  cooling  gas  against  the  wall  of  the  sample 
tube.  The  sample  was  cooled  from  1000  K  to  700  K 
in  less  than  5  s,  and  to  room  temperature  in  15  s. 

3.3.  SIMS  analysis 

Measurements  of  the  isotope  ratio  were  carried  out 
with  a  CAMECA  ims-5f  SIMS  equipment.  A  cesium 
primary  ion  beam  (Cs^)  was  bombarded  on  the 
sample  at  14.5  keV.  The  negative  secondary  ion  beam 
was  accelerated  at  —4.5  keV  and  analyzed  in  the 
mass  spectrometer  with  electronic  and  magnetic 
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diffusion  pump 


Fig.  6.  Schematic  view  of  the  isotope  exchange  equipment  (gas  circulation  system). 


sectors.  The  mass  resolution  M/AM  was  about  300 
in  a  normal  operation  mode,  and  higher  than  7000  in 
a  ‘high  resolution’  operation  mode.  To  distinguish 
from  H2^0“,  high  mass  resolution  measure¬ 
ments  were  performed.  In  all  the  cases,  the  signal  of 
H2^0~  was  found  to  be  much  smaller  than  that  of 
Thus,  the  imaging  experiments  were  per¬ 
formed  in  the  normal  resolution.  Since  YSZ  is  an 
insulator  at  low  temperature,  a  gold  mesh  of  250  pim 
pitch  was  placed  on  the  sample,  and  an  electron  gun 
was  used  to  compensate  for  the  electric  charge. 

Two  different  imaging  methods  (‘microscope’ 
mode  and  ‘micro-probe’  mode)  were  applied  to 
observe  the  distribution  of  a  selected  mass  on  the 
sample  surface.  In  the  microscope  mode,  the  sec¬ 
ondary  ion  image  was  focused  on  a  channel  plate  and 
observed  directly  on  the  screen.  The  digital  image 
was  acquired  with  a  position  sensitive  detector.  The 
lateral  resolution  in  this  mode  was  about  I  to  2  pim. 
For  a  higher  resolution  image,  the  micro-probe  mode 


was  used,  in  which  the  primary  beam  was  focused 
and  scanned  on  the  sample.  The  lateral  resolution 
depends  on  the  size  of  the  focused  primary  ion  beam, 
which  was  around  0.2  |xm  in  our  equipment. 

4.  Results  and  discussion 

4.1.  Polarization  behavior  at  973  K 

Fig.  8  shows  a  steady  state  polarization  curve  at 
973  K  in  0.2  bar  oxygen.  It  showed  a  characteristic 
behavior  of  a  Pt  electrode  on  a  YSZ  electrolyte  as 
reported  by  Mizusaki  et  al.  [2].  The  isotope  exchange 
experiment  was  performed  at  the  polarization  voltage 
of  -0.5  V  vs.  the  reference  electrode.  The  apparent 
current  density  over  the  total  electrode  area  was 
about  - 1.5  mA  cm“^.  After  keeping  the  voltage  for 
1  h,  the  ^^02  enriched  gas  was  introduced  by  the 
six-way  valve.  The  change  in  the  current  density  was 
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Fig.  7.  Sample  chamber  for  the  isotope  exchange  with  applying 
current.  The  lead  wires  W,  C,  R  are  connected  to  the  working,  the 
counter,  and  the  reference  electrodes,  respectively. 

less  than  5%  before  and  after  the  isotope  exchange. 
The  sample  was  kept  for  5  min  in  and  then, 

quenched  and  transferred  to  SIMS  analysis, 

4.2.  Isotope  distribution  mapping 

Fig.  9(a)  shows  the  and  secondary  ion 
distribution  at  the  surface  of  the  sample  measured  by 
SIMS  in  the  ‘microprobe’  mode.  The  brighter  spot  in 
the  figure  represents  the  higher  secondary  ion  signal. 
The  dark  parts  correspond  to  the  platinum  particles 
which  cover  the  oxide  electrolyte  surface.  What 
should  be  noted  in  Fig.  9(a)  is  that  the  signal  of 
came  homogeneously  from  the  electrolyte  part, 
whereas  that  of  was  localized  along  the  edge  of 
the  electrolyte  area,  i.e.  on  the  triple  phase 
boundaries  (TPB). 

In  Fig.  9(a),  not  all  of  the  TPB  lines  were  visible 


f  /  mV  vs.  Ref.  (O2  0.2  bar ) 

Fig.  8.  Steady  state  polarization  curve  for  Pt/YSZ  sample  at  973 
K  in  0.2  bar  oxygen. 


because  some  are  behind  the  platinum  particles  and 
could  not  be  hit  by  the  primary  ion  beam  of  which 
the  incident  angle  was  30°  to  the  normal.  In  order  to 
observe  the  whole  TPB  lines,  the  platinum  particles 
were  removed  by  sputtering  with  a  larger  primary 
ion  beam  (1  X  10”^A).  After  2  min  of  sputtering,  the 
primary  beam  current  was  reduced  (  <1X10”‘'*  A) 
and  focused  again,  and  the  image  was  acquired.  The 
sputtering  and  data  acquisition  cycle  was  repeated 
several  times.  Fig.  9(b)-(d)  show  the  sequential 
images  of  the  isotope  distribution  aligned  in  the 
order  of  the  sputtering  time.  By  removing  the 
platinum  electrode,  all  of  the  TPB  lines  appeared 
gradually.  In  the  '^O  image,  the  high  intensity  sites 
in  the  first  figure  disappeared  with  sputtering,  and 
new  high  intensity  sites  came  out  around  the  sput¬ 
tered  edges  of  the  Pt  particles.  They  disappeared  by 
further  sputtering.  This  means  that  the  active  reaction 
site  is  actually  localized  around  TPB  lines. 

For  quantitative  representation,  the  data  in  Fig.  9 
were  scanned  on  the  line  A-B,  and  plotted  in  terms 
of  total  oxygen  intensity  and  the  isotope  ratio  in  Fig. 
10.  Several  peaks  were  observed  in  the  isotope  ratio 
plot.  Among  them,  some  peaks  were  located  where 
the  total  oxygen  intensity  is  small;  i.e.  on  the 
platinum  particles.  Those  peaks  disappeared  much 
faster  than  the  others  by  sputtering.  They  probably 
came  from  any  contamination  on  the  Pt  electrode. 
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Fig.  9.  and  '‘*0  distribution  in  the  sample  treated  at  973  K  in  0.2  bar  oxygen  '^O  under  cathodic  polarization  (—0.5  V)  for  5  min. 
Images  were  taken  at  the  surface  (a);  after  sputtering  2  min.  (b);  4  min.  (c);  and  6  min.  (d). 


The  other  peaks  were  all  located  around  the  TPB 
lines.  They  are  the  trace  of  the  electrochemical 
oxygen  incorporation. 

The  observed  isotope  profile  can  be  compared 
with  those  of  the  model  calculation  shown  in  Fig.  4. 
The  isotope  concentration  at  the  surface  was  around 
0.2  at  the  peaks  and  0.05  to  0.1  at  the  valleys.  Most 
of  the  peaks  disappeared  at  the  last  sputtering  cycle. 
Though  the  exact  depth  of  one  sputtering  cycle  was 
not  clear,  it  is  roughly  estimated  to  be  10-100  nm. 
From  those  data,  the  active  reaction  site  width  is 
estimated  to  be  less  than  1  (xm.  However,  the  detail 
of  the  observed  profile  is  different  from  the  calcula¬ 
tion.  The  further  discussion  is  difficult  in  the  present 
experiment.  In  order  to  determine  the  reaction  site 
extension  in  more  detail,  the  electrode  of  a  well 
defined  morphology  should  be  tested,  and  the 
quenching  speed  and  the  lateral  imaging  resolution 
must  be  improved.  Also,  the  calculation  may  have  to 
include  the  effect  of  oxide  ion  migration  under  the 
electrical  field.  Due  to  those  limitations,  the  res¬ 
olution  of  the  active  site  imaging  in  the  present 
experiment  may  be  around  1  pim. 


4.3.  Reaction  site  expansion  at  lower  temperature 
(773  K) 

Fig.  11  shows  the  and  ^^0“  images  of  the 
sample  treated  under  current  flow  at  773  K.  The 
images  were  taken  in  the  microscope  mode.  Unlike 
the  results  at  973  K,  the  isotope  did  not 

distribute  along  every  TPB  line.  Some  ‘hot  spots’ 
were  observed  for  the  isotope  incorporation  reaction. 
The  existence  of  the  hot  spot  is  an  important  problem 
in  a  practical  application.  The  hot  spot  generation 
can  be  initiated  by  the  existence  of  any  inhomo¬ 
geneity  in  morphology  of  the  electrode  particles. 
Current  and  mass  flow  may  favor  extraordinary 
points  such  as  a  valley  or  a  bay  of  the  electrode 
particles.  The  existence  of  any  impurity  or  defect 
may  cause  the  inhomogeneity  of  the  reaction  rate  as 
well.  When  a  hot  spot  of  the  reaction  is  generated, 
the  temperature  will  increase  around  those  sites  and 
the  reaction  site  becomes  further  inhomogeneous. 

On  those  hot  spots,  the  active  reaction  site  extend¬ 
ed  under  the  platinum  electrode  particles.  When  the 
sputtering  process  proceeds,  the  high  intensity  parts 
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Fig.  10.  Total  oxygen  and  isotope  concentration  profile  on  the  line  A-B  in  Fig.  9.  The  total  oxygen  profile  is  the  sum  of  the  '^’O  and 
signals  in  Fig.  9(a). 


in  image  appeared  under  the  platinum  elec¬ 

trode.  For  example,  the  two  bright  spots  in  Fig.  1 1(a) 
became  connected  after  sputtering  Pt  electrode.  The 
isotope  distribution  in  Fig.  11(d)  is  rather  broad 
under  platinum  electrode  particles,  which  suggested 
that  the  extension  of  the  active  reaction  site  was 
large  into  the  platinum /electrolyte  two  phase 
boundaries  in  this  experimental  condition.  The  exten¬ 
sion  can  be  estimated  to  be  several  microns. 


4.4.  Measurements  with  the  sample  treated  at 
higher  temperature  (1173  K) 

Though  the  same  experiments  were  attempted  at 
1173  K,  no  contrast  was  observed  in  the  isotope 
distribution.  It  is  probably  because  the  diffusion  rate 
was  too  large,  and  the  difference  of  the  surface 
reaction  rate  was  not  kept  in  the  profile  during  the 
quenching  process.  Shorter  annealing  time  and  faster 
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sputtering 


(a)  (b)  (c)  (d) 

Fig.  11.  ‘^0  and  ‘^O  distribution  in  the  sample  treated  at  773  K  in  0.2  bar  oxygen  '^O  under  cathodic  polarization  (-0.5  V)  for  5  min. 
Images  were  taken  at  the  surface  (a);  after  sputtering  2  min.  (b);  4  min.  (c);  and  6  min.  (d). 


quenching  will  be  necessary  for  the  isotope  imaging 
at  higher  temperature. 

5.  Conclusion 

The  proposed  method  was  found  to  be  applicable 
for  the  investigation  of  active  electrochemical  re¬ 
action  sites  in  limited  experimental  conditions.  The 
lateral  resolution  of  the  active  site  imaging  with  the 
present  equipment  was  around  1  pim  when  the 
sample  was  treated  at  973  K.  The  largest  factor  to 
determine  the  resolution  was  the  quenching  rate.  It 
was  difficult  to  visualize  the  reaction  site  when  YSZ 
was  treated  at  973  K  due  to  the  difficulty  in 
quenching.  In  the  present  equipment,  the  sample  can 
not  be  cooled  directly.  The  improvement  is  necessary 
for  the  study  in  further  detail.  Also,  the  electrode 
should  be  prepared  in  a  well  defined  structure  for 
more  quantitative  analysis. 

The  existence  of  ‘hot  spots’  could  be  shown  for 
the  low  temperature  electrode  reaction.  From  a  view 
point  of  designing  a  practical  electrode,  the  inhomo¬ 


geneity  of  the  current  distribution  is  a  serious 
problem.  The  isotope  imaging  method  can  be  a 
useful  technique  to  investigate  rather  macroscopic 
distributions  of  the  reaction  sites. 


References 

[1]  J.  Mizusaki,  K.  Amano,  S.  Yamauchi,  K.  Fueki,  Solid  State 
Ionics  22  (1987)  313. 

[2]  M.  Kleitz,  L.  Dessemond,  T.  Kloidt,  Space  Expansions  of  the 
Regular  Oxygen  Electrode  Reaction  on  YSZ,  abstract  IlOA 
p.  35  in  Extended  Abstracts  of  the  3rd  Symp.  on  Solid  Oxide 
Fuel  Cells  in  Japan,  Tokyo,  1994. 

[3]  J.  Fleig,  J.  Maier,  J.  Electrochem.  Soc.  144  (1997)  L302. 

[4]  K.  Kawada,  A.  Masuda,  K.  Kaimai  et  al.,  in:  A.J.  McEvoy, 
K.  Nisancioglu  (Eds.),  Proc.  10th  SOFC  Workshop,  lEA 
Programme  of  R,  D&D  on  Advanced  Fuel  Cells,  28-31 
January  1997,  Les  Diablerets,  CH,  International  Energy 
Agency,  1997,  p.  146. 

[5]  R.J.  Chater,  S.  Carter,  J.A.  Kilner,  B.C.H.  Steele,  Solid  State 
Ionics  53-56  (1992)  859. 

[6]  H.  Haneda,  C.  Monty,  J.  Am.  Ceram.  Soc.  72  (1989)  1153. 

[7]  T.  Kawada,  T.  Horita,  N.  Sakai,  H.  Yokokawa,  M.  Dokiya, 
Solid  State  Ionics  79  (1995)  201. 


210 


T.  Kawa^ia  et  al.  /  Solid  State  Ionics  131  (2000)  199-210 


[8]  T.  Kawada,  T.  Horita,  N.  Sakai,  H.  Yokokowa,  M.  Dokiya,  J.  [9]  T.  Horita,  K.  Yamaji,  M.  Ishikawa,  N.  Sakai,  H.  Yokokawa, 

Mizusaki,  Proc.  the  2nd  Intern.  Meeting  of  Pacific  Rim  T.  Kawada,  T.  Kato,  J.  Electrochcm.  Soc.  145  (9)  (1998) 

Ceramic  Societies  (PacRim-2),  15-17  July  1996,  Cairns,  3196. 

Australia,  pp.  543-565. 


ELSEVIER 


Solid  State  Ionics  131  (2000)  211 


SOLID 

STATE 

IONICS 


www.elsevier.com/locate/ssi 


Author  index  to  volume  131  Nos.  1  and  2 


Abel,  T.,  see  Brener,  E.  23 

Barton,  J.K.,  see  Bohannan,  E.W.  97 

Bohannan,  E.W.,  C.C.  Jaynes,  M.G.  Shumsky,  J.K.  Barton 
and  J.A.  Switzer,  Low-temperature  electrodeposition  of 


the  high-temperature  cubic  polymorph  of  bismuth(III) 
oxide  97 

Bonnell,  D.A.,  see  Huey,  B.D.  51 

Brener,  E.,  H.  Miiller-Krumbhaar,  D.  Temkin  and  T.  Abel, 
Structure  formation  in  diffusional  growth  and  dewet¬ 
ting  23 

Chen,  J.,  see  Virkar,  A.V.  189 

Dokiya,  M.,  see  Kawada,  T.  199 

Eberl,  K.,  M.K.  Zundel  and  H.  Schuler,  Self-assembling 
nanostructures  and  atomic  layer  precise  etching  in 
molecular  beam  epitaxy  61 

Engelmann,  G.E.,  see  Kolb,  D.M.  69 

Fleig,  J.,  The  influence  of  non-ideal  microstructures  on  the 

analysis  of  grain  boundary  impedances  117 

Gauckler,  L.J.,  see  Will,  J.  79 

Graf,  Ch.R,  U.  Heim  and  G.  Schwitzgebel,  Potentiometri- 

cal  investigations  of  nanocrystalline  copper  165 

Heim,  U.,  see  Graf,  Ch.P.  165 

Heitjans,  R,  see  Puin,  W.  159 

Horita,  T.,  see  Kawada,  T.  199 

Huey,  B.D.  and  D.A.  Bonnell,  Nanoscale  variation  in 
electric  potential  at  oxide  bicrystal  and  polycrystal 
interfaces  51 

Janek,  J.,  Oscillatory  kinetics  at  solid/solid  phase 

boundaries  in  ionic  crystals  129 

Jaynes,  C.C.,  see  Bohannan,  E.W.  97 


Kawada,  T.,  T.  Horita,  N.  Sakai,  H.  Yokokawa,  M.  Dokiya 


and  J.  Mizusaki,  A  novel  technique  for  imaging 
electrochemical  reaction  sites  on  a  solid  oxide  elec¬ 
trolyte  199 

Kim,  J.-W.,  see  Virkar,  A.V.  189 

Kleinlogel,  C.,  see  Will,  J.  79 

Kolb,  G.E.,  G.E.  Engelmann  and  J.C.  Ziegler,  Nanoscale 

decoration  of  electrode  surfaces  with  an  STM  69 


Maier,  J,,  see  Puin,  W.  159 

Maier,  J.,  Point-defect  thermodynamics  and  size  effects  13 
Martin,  T.R,  From  atoms  to  solids  3 

Mitterdorfer,  A.,  see  Will,  J.  79 

Mizusaki,  J.,  see  Kawada,  T.  199 

Miiller-Krumbhaar,  H.,  see  Brener,  E.  23 

Perednis,  D.,  see  Will,  J.  79 

Puin,  W,  S.  Rodewald,  R.  Ramlau,  P.  Heitjans  and  J. 

Maier,  Local  and  overall  ionic  conductivity  in 
nanocrystalline  CaF,  159 

Ramlau,  R.,  see  Puin,  W.  159 

Rodewald,  S.,  see  Puin,  W.  159 

Sakai,  N.,  see  Kawada,  T.  199 

Schuler,  H.,  see  Eberl,  K.  61 

Schwitzgebel,  G.,  see  Graf,  Ch.R  165 

Shumsky,  M.G.,  see  Bohannan,  E.W.  97 

Switzer,  J.A.,  see  Bohannan,  E.W  97 

Tanner,  C.W,  see  Virkar,  A.V.  189 

Temkin,  D.,  see  Brener,  E.  23 

Tuller,  H.L.,  Ionic  conduction  in  nanocrystalline  materials  143 

van  Dyck,  D.,  see  Zandbergen,  H.W.  35 

Virkar,  A.V,  J.  Chen,  C.W.  Tanner  and  J.-W.  Kim,  The  role 
of  electrode  microstructure  on  activation  and  concen¬ 
tration  polarizations  in  solid  oxide  fuel  cells  189 

Weitkamp,  J.,  Zeolites  and  catalysis  175 

Whittingham,  M.S.  and  RY.  Zavalij,  Manganese  dioxides 
as  cathodes  for  lithium  rechargeable  cells:  the  stability 
challenge  109 

Will,  J.,  A.  Mitterdorfer,  C.  Kleinlogel,  D.  Perednis  and 
L.J.  Gauckler,  Fabrication  of  thin  electrolytes  for 
second-generation  solid  oxide  fuel  cells  79 

Yokokawa,  H.,  see  Kawada,  T.  199 

Zandbergen,  H.W.  and  D.  van  Dyck,  Exit  wave  reconstruc¬ 
tions  of  surfaces  and  interfaces  using  through  focus 
series  of  HREM  images  35 

Zavalij,  RY,  see  Whittingham,  M.S.  109 

Ziegler,  J.C.,  see  Kolb,  D.M.  69 


PII:  80167-2738(00)00753-0 


ELSEVIER 


Solid  State  Ionics  131  (2000)  213 


SOLID 

STATE 

IONICS 


www.elsevier.com/locate/ssi 


Subject  index  to  volume  131  Nos.  1  and  2 


Acidity  of  solids,  175 

Activation,  189 

Atomic  force  microscopy,  51 

Bismuth  oxide,  97 
Brick  layer  model,  1 17 

CaF,,  159 
Catalysis,  175 
Ceria,  143 
Clusters,  69 

Concentration  polarization,  189 
Cu  growth  and  relaxation,  165 
Cubic  close  packing,  109 
CVD,  79 

Defects,  143 

Dissipative  structures,  129 

Electrical  properties,  117 
Electrochemical  oscillations,  129 
Electrochemical  reaction  site,  199 
Electrode  microstructure,  189 
Electrochemical  nanaostructuring,  69 
Electrodeposition,  97 
Epitaxial  growth,  97 
Exit  wave  reconstructions,  35 

Fuel  cell,  189 

Grain  boundaries,  117 

High  resolution  electron  microscopy,  35 

Impedance,  117 
Interface  potential,  51 
Interfaces,  13,  35,  129 
In-situ  etching,  61 
Ionic  conductivity,  143,  159 
Ionic  conductors,  129 
Ion-exchange,  175 
Isotope  exchange,  199 

Laser  diodes,  61 

Liquid  precursor  methods,  79 

Manganese  oxide,  109 


Mass  spectrometry,  3 
MBE  regrowth,  61 
Mesoporous  materials,  175 
Metal  clusters,  3 
Metastable  phase,  109 
Microporous  materials,  175 
Microstructure,  117 
Molecular  beam  epitaxy,  61 

Nanocrystalline,  143,  159 
Nanocrystalline  copper  electrodes,  165 
Nanocrystallinity,  13 

'*'0/‘^0,  199 
Oxide,  51 

Pillars,  109 
Point  defects,  13,  129 
Potential  distribution,  117 
PVD,  79 
P-compounds,  61 

SAM,  69 

Self  assembling  quantum  dots,  61 
Shape-selective  catalyst,  175 
SIMS,  199 
Size  effects,  13 
SOFC,  79 

Solid  electrolyte,  97 
Solid  oxide,  189 
Space  charges,  13 
Spinel,  109 
SSPM,  51 
STM,  69 

Surface  energy  calculation,  165 
Surface  patterning,  61 
Surface  potential,  51 
Surfaces,  35 

Thermodynamics,  13 
Thin  films,  79 
Titania,  143 
Tunnel  barrier,  69 
V-groove,  61 

Zeolites,  175 
Zirconia,  79,  143 


PII:  S0167-2738(00)00754-2 


